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Abstract
The work discussed in this thesis focuses on synthesis of amorphous carbon and zinc 
oxide nanostructured for application as electrodes and for gas sensing.
The synthesis of nanostructured carbon has been achieved through the ablation of either a 
pyrolytic graphite target or a pressed carbon/nickel composite target into an Ar 
atmosphere which is observed to modulate the morphology of the nanostructures. 
Furthermore, the ablation of the composite target is observed to lead to a non-congruent 
material transfer with increased Ni content in the deposited nanostructure. The 
incorporation of Ni combined with graphitisation due to thermal annealing is observed to 
improve the electrical characteristics of the alloyed nanostructures in comparison to the 
pure carbon nanostructures. The application of smooth films (both pure and alloyed) as 
electrodes for diamond-based radiation detectors is discussed. Furthermore, the 
performance of thermally annealed highly cluster assembled carbon films for NH3, NO2 
and humidity sensing is also discussed.
The use of excimer lasers in order to affect the reaction rate and control of size and shape 
distribution of ZnO nanocrystals grown in liquid phase has been studied in relation to the 
laser fluence and processing duration for a fixed repetition rate and bath temperature. A 
growth window for laser fluence is observed where morphology controlled nanocrystals 
can be prepared through a photothermal breakdown process. The use of size (distribution) 
controlled nanocrystals for thin film transistors is discussed. In addition to its application 
as a material for transistors, the use of thin film nanocrystals for humidity and NO2 
sensing is also discussed. While high performance is observed for humidity sensing, the 
films do not show a repeatable performance upon exposure to NO2, which is attributed to 
the poor desorption of the adsorbed analyte.
Finally, the use of the above nanocrystals as a seed particle for hydrothermal growth of 
ZnO multipods is discussed together with its use for UV and vapour sensing.
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Ch a p t e r  1  
In t r o d u c t io n
1.1 Overview
Precise manipulation and placement of matter to form tiny edifices (nanoclusters) that are 
1 -1 0  nm, with controlled size and therefore electronic, optical and chemical properties is 
considered to be the “Holy Grail” of modem nanotechnology [1]. During the middle ages, 
the accidental incorporation of nanostmctures led to the observation of several unique 
observations. For example, the incorporation of metallic nanoclusters during this period 
to led to the stained glass effect [2] and the accidental formation of carbon nanotubes in 
Damascus steel fled to enhanced mechanical properties of these swords [3]. However, 
investigations into (atom-hy-atom) self-assembled engineering of nanomaterials were not 
actively investigated until the last two decades of the twentieth century, driven partly 
through evolving human needs and through concomitant developments in optical, 
electron microscopic and electrical measurement techniques [4]. Although still a long 
way off in achieving self-assembly at a scale required for industrial production, many 
important steps have been taken in this direction leading to potential application of 
nanostmctures in areas such as high speed electronics [5], gas detection [6-8], energy 
generation [9-10] etc.
This thesis is based on investigations into the morphology- controlled fabrication of 
nanostmctured carbon (ns-C) and zinc oxide (ZnO) nanocrystals, for application in areas 
as diverse as electrodes, gas sensing and UV sensing.
In the work discussed here, a 248 nm nanosecond (ns) pulsed excimer laser has been used 
as the tool for the fabrication of these nanostmctures. The first use of pulsed lasers for 
thin film deposition can be traced back to the mid-1960s when Smith and Turner 
employed a mby laser for thin-film deposition [11]. In terms of carbon nanostmctures, 
laser vapourisation first played an important role in the mid 1980s when Kroto et al. [12] 
reported the observation of fullerenes through the ablation of a multicomponent target. 
However, the emergence of pulsed lasers as a tool of choice for material deposition did 
not gain attention until 1987, when Dijkkamp et al. [13] reported the deposition of high 
transition temperature superconducting yttrium barium copper oxide thin films through
laser ablation of a multicomponent target. Today laser vapourisation or ablation is viewed 
as a suitable technique for rapid deposition of multicomponent thin films [13-15] or 
superlattice structures [16] with the possibility of congruent material transfer [13]. 
Despite the attractiveness of the technique, scaling up for uniform material transfer and 
deposition over large substrate areas has remained a problem as will be discussed later on 
in this thesis.
Carbon, one of the materials investigated in this thesis, is among the elements known to 
mankind since antiquity [17]. With a valence of 4, the versatility of carbon as a material 
of technological importance lies in its different bond hybridization possibilities {sp ,^ sp^ 
and sp) (Fig. 1.1) which in turn leads to different physical properties [18-19]. Under sp^ 
hybridization (such as in diamond), each carbon atom is bonded to four other carbon 
atoms through strong o bonds that leads to structures with a wide optical gap of -5.5 eV 
and impressive mechanical properties [18]. Furthermore, doping of both poly crystalline 
and single crystal diamonds have been observed to lead to high electron and hole 
mobilities [20-21] making diamond a potential candidate for high speed electronics. On 
the other hand, honeycomb carbon lattices with sp~ hybridization (such as in graphite) 
display a high in-plane tensile strength due to the strong (in-plane) o bonding while the 
weaker interplanar tt bonding results in delocalized electrons which improve the 
conduction properties [19], thus leading to ballistic charge transport in single layers of 
carbon or graphene [22].
Legend
G bond
;T bond
Fig. 1.1 (a) sp, (b) sp^ and (c) sp^ hybridisation of carbon. The sp^ structure involves bond angles of 109.5° 
while the sp^ and sp structures involve bond angles of 120° and 180° respectively [17].
The work discussed in this thesis primarily focuses on carbon that is amorphous (or 
disordered) in nature. While active investigations on crystalline forms of carbon dates 
back to well before the 20^^ century, the origins of investigations into amorphous carbon 
can be traced back to 1971 when Aisenberg and Chabot reported the deposition of
amorphous thin films of carbon that displayed diamond-like properties [18]. The presence 
of both sp^ and sp^ forms of hybridisation in amorphous carbon allow the tuning of 
electronic, optical and mechanical properties through judicious selection of deposition 
parameters [18-19]. Unlike in the case of other carbon allotropes such as graphene, 
carbon nanotubes and diamond, amorphous carbon has already found use in a range of 
technologically important applications such as inexpensive scratch-resistant coatings for 
hard drives due to the low temperature synthesis capabilities of these nanostructures [18- 
19, 23].
ZnO, the second material investigated in this work is a wide band gap material with a 
bulk band gap of -3.3 -  3.4 eV and a large exciton binding energy of ~ 60 meV which 
makes it a material of interest for optoelectronic applications [24]. Although ZnO possess 
three possible crystal structures: wurtzite, zinc blende and rock salt, wurtzite [25] (Fig. 
1.2) remains the most commonly observed form due to the less constrained conditions 
required for crystallization in this configuration [24, 26]. This makes Wurtzite ZnO 
attractive for solution processed transparent electronics [27]. The first reported use of 
ZnO can be traced as far back as 500 BC where it was used as a salve for open wounds 
and eyes as described in the Indian medical text Charaka Samhita [28]. However, the 
origin of scientific investigations on this material dates back only to the 1930s [25]. Over 
the years, interest in this material has waxed and waned with interest peaking again 
during the early 80s.[24] In the last five years, a renaissance in ZnO-based research, 
driven by the capability to synthesize different morphologies [29] has led to extensive 
investigations into this material for use as piezoelectric nanogenerators [30], UV detectors 
[8], transparent conductors [31] and in spintronics [32].
rock salt zinc blende wurtzite
Fig. 1.2 The three possible crystalline configurations of ZnO: rocksalt, zinc blende and wurtzite [25]. 
Wurtzite remains the structure most commonly observed with the former two structures requiring more 
stringent conditions for preparation.
1.2 Outline of the problem
1.2.1 Carbon
One of the principle problems underlying the use of amorphous carbon in large area 
electronics has been its poor charge conduction properties. Despite displaying 
characteristics required for large area high speed electronic devices [5, 33], the electronic 
properties are deemed to be poor (compared to sp^ carbon allotropes such as graphene or 
carbon nanotubes which exhibits electron and hole mobilities in excess of 1000 cm^V'^s'^ 
[22]). As a result, modification of electronic properties of amorphous carbon, especially 
under room temperature deposition, is of extreme importance for its successful integration 
into large area electronic applications.
To date, several methods have been reported towards improving the electrical properties 
of amorphous carbon nanostructures, mainly through doping. These can be categorised as 
ex-situ and in-situ doping. In Qx-situ doping, the introduction of a dopant such as boron 
or phosphorous is carried out using techniques such as ion implantation [19]. 
Enhancement of the electrical properties has been observed above a threshold ion 
concentration upon which the material transforms into an sp^ rich state leading to a 
dramatic rise in the electrical response [19]. In-situ doping is employed usually through 
the introduction of the dopant in the gas phase (such as hydrogen and nitrogen) during the 
synthesis of the amorphous carbon [18-19]. As is the case in ex-situ doping, the charge 
transport properties for in-situ doped samples are governed by the dopant concentration. 
Gas phase doping is popularly used in chemical vapour deposition (CVD) of carbon thin 
films.
The deposition of amorphous carbon thin films via laser ablation is an effective 
alternative technique to CVD. One of the main advantages in the use of laser ablation is 
the ability to tune the size, structure and hence the physical properties of nanostructures. 
This has allowed the deposition of smooth diamond-like films as well as highly porous 
cluster assembled nanostructures [5, 23]. The structure of the material formed can be 
further tuned through deposition onto a heated substrate [34] or through laser ablation in a 
high temperature system [35] such as a tube furnace. In addition to tuning of the 
nanostructure itself, doping of amorphous carbon through ablation into a dopant gas such 
as nitrogen [23] as well as through ablation of a multi-component target [14] has also 
been reported. Despite the potential of laser ablation as a technique for the deposition of
doped nanostructures, there appears to be a dearth of studies on doping, through co­
ablation for enhancement of charge transport properties, especially in the case of cluster 
assembled carbon which have been reported to possess high surface areas [36] and 
magnetic properties [37].
1.2.2 Zinc oxide
ZnO, the second material studied in this work, has been an active area of interest for the 
past decade due to its potential application in a range of technologies [24]. Usually, thin 
films of ZnO can be easily prepared through conventional physical deposition techniques 
such as magnetron sputtering or laser ablation or even sol-gel processing [24, 26]. While 
preparation and studies of thin films of ZnO are an important aspect of research of ZnO, 
size controlled growth of ZnO nanocrystals (or nanoparticles) are also considered to be 
extremely important especially when taking into consideration the vast range of potential 
applications for nanocrystals such as in photovoltaics [10], gas detection [38] and even 
transistors [39] based on single or few quantum dots. However, despite the attractiveness 
of nanocrystals, there appears to be very little activity in terms of nanocrystal device 
engineering which is partly attributed to the longer growth durations [40-41] thereby 
necessitating investigations into techniques that allow size and shape control under very 
short processing times.
Laser deposition of ZnO is an area that has been extensively investigated, mostly for 
fabrication of thin films [25]. These investigations have been recently extended into 
doping of ZnO through ablation of mixed targets [25]. There have also been reports on 
the synthesis of ZnO nanowires, the preparation of which was achieved through a 
substrate heating process as well as diffusion of the laser ablated species [42]. However in 
general, there appears to be a dearth of reports on preparation of nanoclusters, especially 
considering the recent reports of nanocluster formation through laser ablation under high 
background pressures [1]. One technique that has been used for the preparation of 
nanoclusters is the ablation of the films in a liquid filled vessel [43]. The presence of a 
liquid mimics a gaseous background under high pressure allowing the synthesis of 
relatively small ZnO nanoclusters. Despite the observation of a crystalline structure, there 
appears to be a lack of control in the size distribution which prevents the preparation of 
nanostructures with uniform physical properties [43].
1.3 Outline of the thesis
This thesis focuses on investigations into the doping of amorphous carbon nanostructures 
and controlled growth of ZnO nanocrystals with the aim of utilizing the different 
morphologies for a range of nanoelectronic applications. Following the introduction in 
this chapter, Chapter 2 involves a discussion of the fundamental properties of the two 
material systems studied. A discussion is also carried out on the routes that have been 
reported so far in the scientific literature in order to tackle the problems highlighted in 
Chapter 1. Chapter 3 is an overview of the equipment and the experimental techniques 
used for the preparation and characterization of the nanostructures studied in this work. 
Subsequently, Chapter 4 is dedicated to the characterization and application of carbon 
nanostructures prepared through pulsed laser ablation of a pure graphite target and a 
carbon/nickel composite target. Initially, the properties of pure nanostmctured carbon are 
investigated. These are compared with alloyed nanostmctured carbon through ablation of 
a mixed target. The breakdown of congment material transfer is also discussed supported 
by plume dynamic studies. Finally, investigations into the potential application of the 
smooth carbon films as electrodes and the response of cluster-assembled carbon to gases 
and humidity are discussed. Chapter 5 focuses on the shape and size-controlled growth 
of ZnO nanocrystals through laser heating of reactants in a liquid based system. The role 
of the laser heating process as a growth accelerant is also discussed based on the 
preparation of ZnO quantum dots of different optical gaps through laser heating. A 
mechanism is proposed for the observed size and shape control through laser heating. The 
field effect (electrical) properties and application of size and shape-controlled ZnO 
nanocrystals, the response of thin films of ZnO nanocrystals to NO2 as well as humidity 
and the use of these nanocrystals as seeds for ZnO multipod growth are discussed. The 
application of these multipod stmctures for vapour and UV sensing is also carried out. 
Finally, Chapter 6 summarizes the conclusions made from the work presented and 
possible future avenues for investigation.
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Ch a p t e r  2  
M a t e r ia l s , p r o p e r t ie s  a n d  p u l s e d  
LASER ASSISTED SELF-ASSEMBLY
As stated in Chapter 1, this thesis focuses on the synthesis of nanostmctured materials for 
nanoelectronics using laser ablation. A principle requirement in determining an 
application for a given nanostmcture is a suitable understanding of its properties. This 
chapter focuses on the physical properties of the materials studied in this work, as well as 
how the synthesis techniques utilized here affect the properties of the material (especially 
the electrical and optical characteristics) studied. This enables a better understanding of 
the observed properties of the materials discussed and an insight into how these properties 
can be improved for electronic applications.
2.1 Amorphous carbon
Amorphous carbon (a-C), one of the materials studied in this work, are nanostmctures of 
carbon that display a short range stmctural order compared to materials such as graphite 
which display long range order. Unlike most of the carbon allotropes, amorphous carbon 
are known to possess both sp^ and sp^ bonding within their stmcture with the percentage 
of carbon atoms hybridized according to each of the above bond types depending on the 
energy of the species during the self-assembly process (and hence, the synthesis 
technique used) [1-3]. Classification of amorphous carbon is therefore usually carried out 
based upon the sp^/sp^ ratio. However, there appears to be some confusion in the 
scientific literature with regards to the term diamond-like carbon (DLC), with DLCs 
meaning either polycrystalline diamond stmctures, diamond-like amorphous carbon [3] 
or tetrahedral amorphous carbon (ta-C). In order to simplify further discussion, ta-C is 
taken as DLC, but with a lower sp^ fraction (usually <10%) [4]. A ternary phase diagram 
for sp^-sp^-B. based on this definition is given in Fig. 2.1.
s p  Diamond-like
ta-C
HC polymers
Sputtered a <
GraphiticC
Fig. 2.1 Ternary phase diagram for sp^-sp^ -  H system [5].
Despite the short range order, superlattices of these carbon nanostmctures have 
demonstrated novel quantum size effects [6] such as resonant tunnelling [1], negative 
differential resistance and high speed switching [1, 7] at room temperature. As a result 
amorphous carbon are considered as an exciting alternative to crystalline carbon 
allotropes for large area electronics based on CMOS compatible synthesis temperatures.
2.1.1 Electronic band structure of amorphous carbon
Prior to understanding how charge transportation in amorphous carbon can be 
experimentally analysed, an understanding of the charge transfer processes in these 
materials is required. This is usually aided by the electronic band stmcture of the material 
under study. In crystalline materials, the presence of a periodic stmcture leads to a 
periodic potential with a constant phase relation between different points in the lattice as 
described by the Bloch function [8]. Therefore, the momentum vector or the k  value of 
the wave function is well defined and the electronic band stmcture can be described 
through an E -  k relationship. However in amorphous materials, the disordered stmcture 
tends to scatter electrons. Due to the short range order of the scattering events (in 
amorphous materials), there exists a significant (complementary) uncertainty in the 
momentum as described by Heisenberg’s uncertainty principle AA: ~ /z/ Ax ~ /z/ ao (where 
h is Plancks constant and ao is the scattering length) leading to a breakdown in the k 
conservation mle. The large uncertainty in the momentum of electrons within amorphous 
materials leads to the electronic band stmcture of these materials being discussed in the 
form of ^  -  N(E) (where N(E) is the density of states) diagrams as opposed to the E - k  
diagrams for crystalline materials.
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Besides the use o f E -  N(E) diagrams in place of ûiq E -  k diagrams, another significant 
difference is the lack of sharp band edges at the valence (VB) and conduction bands (CB) 
in amorphous materials compared to crystalline materials (for amorphous materials, the 
CB and VB are called extended states). This is attributed to the formation of the so called 
"'tail states^', which is an outcome of the variation in the potential due to change in bond 
angles and lengths, which also leads to broadened spectroscopic features [9]. In 
amorphous carbon, the extended states are generally thought of as being due to the sp^ 
content in the structure while the localized (tail) states are attributed to the sp^ content. In 
addition to the above, the presence of trap centres and defects can introduce states in the 
middle of the “band gap” leading to Fermi level pinning as shown in Fig. 2.2.
Extended states
Localized
states Mobility edges Mobility gap
Extended states
N(E)
Fig. 2.2 The E~N(E) - diagram for an amorphous material (carbon). The valence and conduction bands are 
formed due to the a bonding while the intermediate states form due to n bonding [10].
2.1.2 Electronic conduction in amorphous carbon
The prediction of the electronic properties of amorphous carbon has been found to be 
difficult due to one simple fact: the presence of both a and n bonds whose content in the 
material can depend on the growth process as well as the growth parameters used [1-3]. 
Traditionally, the localized gap states formed due to the defective nature of the structure 
dictates the charge conduction which proceeds via a hopping process [11, 12]. In such 
systems, the localization of electrons is described using the criterion [13]:
B
SV
2zF V
> 2z (2.1)
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where ôV is the change in potential V due to disorder in the structure, B is the bandwidth 
of the conduction band due interatomic interactions, P is the value that should be 
exceeded by the ratio between disorder potential to bandwidth for localisation to occur 
and z is the coordination number for o states. Localization of the electron wavefunction is 
possible even under small ôV  values (high sp^ content) as delocalization of electrons also 
depends on the interaction of adjacent sp^ orbitals which is given by [13]
V  =  Vq Co s ç > (2 .2)
where (p is their projected dihedral angle. Atomistic calculations have in fact shown that 
even under sp^ percentages as high as 80%, localization of tu orbitals can occur due to 
nearly orthogonal nature of the dihedral angle [13].
2.1.3 Conduction mechanisms for amorphous carhon
Experimental analysis of the conduction mechanism is generally considered as the route 
towards understanding the charge transfer and transport properties of a materials system. 
In addition to the above, an understanding of the conduction mechanism also enables the 
identification of possible applications for a materials system as well as for evaluation of 
the techniques required for enhancing the electrical properties. Generally, for amorphous 
materials, the conduction mechanisms are classified under high (> 10  ^ Vcm'^) and low 
fields (< 10  ^Vcm'^) [14] as given below:
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In Table 2.1, cr is conductivity, Ec and Ey are energy levels in the extended conduction 
and valence states, Umm is the conductivity at the conduction band edge, w; is the hopping 
activation energy Ea is the band tail energy, E f  is the Fermi energy, k is Boltzmann 
constant, T is temperature, aj and (T2 are (hopping) conductivity at 0 K, B defines the 
hopping probability, J  is current density, V is applied voltage, / is the channel length, E  is 
the applied field, e is charge of an electron, // is charge mobility, Nc is density of states in 
conduction band. Eg is the optical gap, sq is the dielectric constant of vacuum and gy, the 
relative permittivity of the nanostructure, ^ * i s  the Richardson constant, Oq is barrier 
height at the metal-semiconductor contact. Es is the surface electric field, a is the 
tunnelling constant.
2.1.4 Optical properties of amorphous carbon
2.1.4.1 Photoluminescence spectroscopy of amorphous carbon
Photoluminescence involves the emission of photons due to radiative recombination of 
(optically excited) electrons and holes and therefore can be used as an indirect 
measurement of radiative traps in a material. The recombination process is usually 
classified as geminate or nongeminate recombination [15]. In the former, the 
recombination occurs between a Coulombic bound electron-hole pair (i.e. an exciton) 
formed upon photo excitation while in the latter, the recombination occurs between an 
electron and hole from two separate (dissociated) excitons [15]. In amorphous carbon, a 
broad, photoluminescence emission centred at ~ 700 nm has been reported [16]. This 
feature has been attributed to geminate recombination between the band tail states due to 
its correlation with the I(D)/I(G) ratio (i.e. D peak to G peak intensity ratio as discussed in
14
2.1.4.1) from Raman spectroscopy under different background pressures and also due to 
the observation of a similar emission from hydrogenated amorphous carbon [16].
2.1.4.1 Raman spectroscopy of amorphous carbon
Raman spectroscopy is generally acknowledged as a “non-destructive” mode of 
characterizing nanostructured carbon [19]. Not only does Raman spectroscopy allow the 
possibility of distinguishing different allotropes of carbon, it also offers insight into the 
effect of phonon scattering on the transport properties of nanostructured carbon [20].
Raman spectroscopic characterization of amorphous carbon is based on the identification 
of 3 important peaks: the D and G peaks which lie around 1369 cm'^ and 1560 cm'^ 
(respectively) for visible excitation and the T peak which lies around 1060 cm'^ for UV 
excitation [21]. The D mode has been shown to be a breathing mode [Fig. 2.4 a)] which 
requires the presence of hexagonal sp^ rings while the G mode has been shown to be due 
to in-plane bond stretching [Fig. 2.4 b)]. As a result, the G mode can be seen even when 
hexagonal rings are not present such as in olefmic chains [5]. If the photo-physics of these 
peaks are taken into consideration, the origin of the G peak is attributed to the q ~ 0 
momentum conservation (q is the phonon momentum) rule involving (Brillouin) zone 
centre (T point or centre of the Brillouin zone of graphene) phonons of sp^ bonded 
carbon. On the other hand, the D peak is attributed to the participation of zone center 
phonons according to the Aq ~ 27r/d selection rule (Aq is the change in phonon momentum and 
d is the spatial distance in real space). When finite sized graphitic crystallites or sp^ clusters 
are present, the D peak has been found to be growing in intensity while the G peak shifts 
to higher frequencies. Bond disorder or the formation of a higher sp^ content as in ta-C 
would result in the opposite behaviour [Fig. 2.4 c)] [5].
The strength of the above peaks is dependent upon the scattering cross section for the 
laser wavelength used [21]. The cross section for sp^ sites has been noted to be extremely 
high under visible wavelength excitation due to the ~2 eV energy gap for these sites 
which overshadows the contribution from the sp^ sites. [21] For examination of the sp^ 
sites, shorter wavelength excitation in the UV region is required.
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carbon [21].
Other than the D and G peaks, the other feature common to graphitic amorphous carbon is 
the absence of second order peaks and the presence of small modulated bump in the 
region of -2400 -  3100 cm '\ Furthermore geminate recombination also leads to a strong 
photoluminescent background [21].
Based on the dispersion of the G position, D position, I(D)/I(G) intensity ratio, Ferrari 
and Robertson [5] introduced the amorphisation trajectory that describes the evolution of 
I(D)/I(G) and the G position in 3 groups or stages:
(1) graphite to nanocrystalline graphite
(2) Nanocrystalline (NC) E - k diagrams graphite to amorphous carbon
(3) amorphous carbon to tetrahedral amorphous carbon
The features of the Raman spectra for amorphous carbon in these 3 stages are discussed 
with respect to the shift in the position of the G peak, evolution of D peak, the I(D)/I(G) 
ratio and relationship, dispersion of the G peak position are summarized in Table 2.2:
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Table 2.2 G peak position, D peak intensity, I(D)/(G) ratio and G peak dispersion of the three stages in 
amorphous carbon [5].
G peak position 
(cm‘ )^
D peak I(D)/I(G) Dispersion of 
G peak
Graphite (0% sp^) -  
NC- graphite (0% sp^)
Shifts &om 1581 
to 1600
appears
I { D )  C W  
1(G) 4
No
dispersion
NC- graphite (0% sp^) 
-a-C (-20% ap^)
Shifts from 1600 
to 1510
Decreases 
with 
increasing sp^
Increasing
dispersion
a-C (~20% sp ) — ta — 
C(85%ap^)
Shifts from 1510 
to 1570
Almost non 
existent
-
Dispersion
occurs
Here C(X), C '(l) and C” are constants for a given laser wavelength. La for the graphite -  
NC-graphite regime corresponds to the in-plane correlation length while La for the NC- 
graphite - a-C corresponds to sp^ area. The shifting of the G peak position in the graphite 
-  NC-graphite stage has been attributed due to the emergence of the D’ peak at 1620 cm'^ 
merging with the G peak to form a G + D’ peak. The appearance of the D’ peak has been 
attributed to the relaxation of q ~ 0 selection rule allowing for contribution from high 
frequency phonons which disperses upwards from F point along the longitudinal optical 
phonon branch in the phonon dispersion relationship of graphite [5]. The shift in the G 
peak position in the case of the a-C to ta-C stage is due to the formation of olefinic groups 
that have higher vibrational frequencies above the band limit of graphite. The localization 
of the sp^ modes minimizes niixing with sp^ and hence prevents the reduction in the 
intensity of the G peak.
The amorphisation trajectory that displays the change in I(D)/I(G) and G position has 
been plotted out for disordering processes in ordered carbon or during the less than 1373 
K while conversion of sp^ sites to sp^ occurs at higher temperatures[23], both of which 
results in the hysteresis shown in Fig. 2.5:
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Fig. 2.5 The amorphisation trajectory of carbon indicating the variation in I(D)/I(G) and the G position with 
change of the structure Post deposition annealing leads to a hysteresis that results in a different trend 
compared to as deposited samples with changing sp^ Content [24].
Therefore due to this hysteresis effect, visible Raman spectroscopy on its own does not 
allow a quantitative evaluation of the the sp^ fraction. However, it has been shown that 
the use of UV and visible Raman spectroscopy allows the determination of the sp^ content 
more accurately [21].
2.1.5 Graphitisation of amorphous carbon
Due to the disordered nature of amorphous carbon which leads to poor charge transport 
properties as discussed in 2.1.2, graphitisation techniques are often investigated as a route 
towards improving the electrical properties of this material system. Generally, the 
graphitisation of amorphous carbon thin films is achieved through:
(1) Graphitisation without the aid of a transition metal catalyst.
(2) Graphitisation with the aid of a transition metal catalyst.
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2.1.5.1 Graphitisation without a transition metal catalyst
The annealing of amorphous carbon thin films is one of the earliest techniques studied 
(and still employed) to form thin carbon films with a considerable portion of sp^ clusters 
without the aid of a catalyst. Annealing of thin films can be categorized either as thermal 
annealing or laser annealing. In the former process, the film is annealed following the 
growth of a film with high sp^ content [23] or during the growth of the film itself using a 
substrate heater [2].
During thermal annealing, a general tendency for the I(D)/I(G) ratio to increase with 
increased annealing temperature has been observed. While thermal annealing at 
comparatively low temperatures will result in ordering of already existing graphitic 
clusters, higher temperatures such as 1100 °C, will lead to an increase in the graphitic 
cluster content through sp^ to sp^ conversion in the films [5, 23]. Graphitisation or 
formation of nano-graphene can also be achieved during deposition of the thin films, as 
has been observed during pulsed laser deposition onto substrates heated to temperatures 
as high as 900 °C [2].
In addition to thermal annealing [23], as a process of graphitising amorphous carbon thin 
films with high sp^ content, successful graphitisation and improved electronic properties 
have been reported through laser annealing, even in the absence of catalytic agents [12, 
25]. Selection of a suitable fluence window and film thickness is deemed as necessary 
conditions for graphitisation without causing damage to the sample [26]. For a very low 
film thickness that is comparable to the thermal diffusion length, damage to the substrate 
may be caused depending on the refractory behaviour of the material. The ripple and 
bubble formation due to melting at the substrate -  thin film interface will lead to 
blistering, buckling and corrugation of the film. As the fluence exceeds the ablation 
threshold, damage to the film will occur through film ablation. However within the 
correct range, laser annealing can lead to the formation of graphitic nanoclusters as has 
been shown to occur through Raman spectroscopy as well as grazing incidence x-ray 
diffraction [25].
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2.1.5.2 Graphitisation with a transition métal catalyst
Graphitisation either due to thin films or nanoparticles of transition métal elements have 
long been used in the synthesis of carbon nanotubes [27] and very recently in the 
synthesis of graphene [28]. Despite the obvious effectiveness of elements such as Ni and 
Co in the graphitisation process, reports of employing such elements for graphitising 
nanostructured carbon have been few and far between -  perhaps due to the prevailing 
interest in the mechanical properties of amorphous carbon rather than in their electronic 
properties.
Despite the wide spread interest on gas phase and ion implantation based doping, 
graphitization of carbon thin films incorporating transition metals, especially under 
thermal treatment has also been reported in the scientific literature [29]. One of the 
earliest works reported involved the interaction process between Ni with carbon during 
heating under vacuum as well as in low hydrogen pressures [30]. Initiation of 
graphitization when heating in a vacuum is seen to occur at 730 K -  a comparatively 
lower temperature when compared with graphitization in the absence of a transition metal 
[23]. Under a low hydrogen pressure of 6% 10'  ^ Pa, methanation of carbon is seen to 
occur for shorter annealing times (820 K, 10 h) while graphitization has been observed to 
occur for a longer annealing period (850 K, 80 h) which occurs through the migration of 
the catalyst particles leaving behind a trail of graphitized carbon.
Graphitization of amorphous carbon thin films has also been reported by Lee et al [31] 
through thermal annealing of amorphous carbon films deposited on Ni nanodots. The 
annealing process has resulted in the formation of graphitic columns within the carbon 
thin film with the Raman spectra indicating an increase in the G band intensity with an 
increase in the Ni film thickness [31].
Graphitization of amorphous carbon thin films has also been reported through sputtering 
of composite targets in a supersonic cluster deposition tool in order to form a-C:X (X = 
Ni, Ti) thin films on silicon and aluminium substrates [29]. Under room temperature 
deposition, TEM images have revealed the formation of onion-like structures on Ni:ns-C 
with a higher graphitic content compared to the Ti:ns-C which displayed the presence of 
distorted graphene sheets with lower graphitic content. A higher chemisorption of 
(atmospheric) hydrogen is seen in carbon films incorporating Ni in comparison to carbon 
films incorporating Ti [29]. This is further supported by an indication of increased
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graphitization after annealing (since hydrogen in nanostructured carbon (ns-C) leads to 
the formation of sp^ bonds) [29]. Exposure to molecular hydrogen shows the formation of 
C-H bonds in both composites. However, upon annealing and re-exposure to hydrogen, a 
graphitic structure is seen to form which neither changes upon annealing or exposure to 
hydrogen. Electron energy loss spectroscopic studies display the Tt-plasmon double 
structure (also observed in carbon nanotubes and ftillerene) [29] which reveals the 
presence of curved sp^ surfaces in the nanometre regime in both composites. Further 
characterization carried out [29] has revealed that hydrogen is present in the structure in 
its atomic and not in the molecular form. In that work, CO, CO2 or H2O was not observed 
to be bonded to the film. Perhaps the most intriguing observation reported is the lack of 
carbide formation in the case of Ti which is known to be a strong carbide former; even 
more than in the case of Ni.
Other than through the conventional thermal annealing process, graphitic nanostructure 
formation has also been reported through direct laser writing of amorphous carbon thin 
films deposited in a Ni catalyst layer [32] using a 248 nm KrF laser. As was reported by 
Cappelli et al. [26], the film thickness and laser fluence window have been shown to play 
an important role in the graphitization behaviour. Furthermore, the laser writing of these 
amorphous carbon thin films has also been observed to lead to the formation of carbon 
nanotubes [32].
2.1.5.3 Graphitization in the presence of a transition metal catalyst
Among the graphitization mechanisms studied for transition metals, the graphitization 
due to nickel is perhaps the most widely reported due to the importance of this 
mechanism in nanotube and graphene growth [33]. In the work carried out by Lamber et 
al. [30], it was reported that while graphitic layers were being formed on the Ni particles, 
the catalyst particles were themselves seen to be in motion leaving behind a graphitized 
zone in their trail. The graphitization process as being due to the wetting of the carbon 
substrate by the Ni catalyst which is followed by the rupturing of carbon -  carbon bonds 
and subsequent dissolution of carbon in graphite. Although a solid solution or a metal 
carbide may form, a lack of evidence was seen for the latter possibility [33]. The carbon 
atoms are then thought to diffuse out to form graphitic layers. During the interaction with 
carbon, the morphology of the catalyst was also seen to change which was explained 
through the migration of the particles (due to change in contact angles) [33].
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Anton [34] carrying out in-situ transmission electron microscopic studies on the 
graphitization kinetics of a similar process reported that during the graphitisation process, 
the morphology of the Ni particles is being altered due to the inward growth of graphitic 
layers which causes the expulsion of the catalyst particle. During this expulsion process, 
the escaping catalyst may graphitize the surrounding area either on its own or by 
combining with another catalyst. Calculations carried out revealed that sufficient carbon 
for the formation of graphitic layers surrounding a Ni particle can come from the region 
underneath the catalyst rather than the surrounding regions which also lead to the catalyst 
sinking into the amorphous carbon film. Graphitisation is seen to be initiated at the front 
edge of the Ni particle in the direction of propagation and according to Helveg et al. [35] 
may be due to the presence of defect sites such as steps or kinks on the nanoparticle 
surface.
2.2 Zinc oxide
Zinc oxide, the second material system studied in this work with its near UV bandgap and 
high exciton binding [36] has resulted in its use in optoelectronic applications such as 
light emitting diodes, thin film transistors [36], gas sensors as well as in organic 
photovoltaics [37] to name a few. Recent reports on doping of ZnO with ferromagnetic 
elements has also opened up the possibility of using these doped nanostructures as diluted 
magnetic semiconductors for spin-based electronic devices [38].
In addition to the above mentioned properties, another distinct advantage in using ZnO as 
an active material lies in the possibility of synthesizing ZnO nanostructures with different 
morphologies allowing a suitable nanostructure to be selected depending on the 
application [39]. The above properties combined with the ability of synthesizing of these 
nanostructures under very low temperatures [40-42] allows the integration of the material 
synthesis into the current low temperature device fabrication processes which at present 
remains a technological obstruction for materials such as carbon nanotubes and graphene 
[43].
The following sections of this chapter are on the structural, electrical and optical 
properties of this interesting metal oxide.
22
2.2.1 Crystal structure of ZnO
Among the three possible crystalline phases for ZnO [36], the wurtzite phase is the more 
commonly observed as proven both theoretically as well as empirically [36]. The zinc 
blende structure is thought to be stabilized only under epitaxial growth on cubic structures 
although there is evidence that the recently synthesized ZnO tetrapods possess a zinc 
blende core [44]. The rock salt phase on the other hand is not so easily achieved and 
requires the application of a pressure such as 10 GPa in order to induce the phase 
transition [36]. Although the presence of wurtzite or the zinc blend phase usually 
indicates the presence of covalent bonding, ZnO on the other hand has been considered to 
be at the centre of solid state physics due to its capability of forming ionic as well as 
covalent bonding in its crystalline structures as shown in Fig. 2.6 [45].
Homopolar bond 
Diamond, Si, Ge, InSb, CugO
Metallic bond 
metals
Alloys
NBN.TlC.WOs
rock salt zinc blende
Molecu ar atticensulators
conductors Og, Sb20Semiconductors
conductors
Alkile halides 
Heteropolar bonds
Fig. 2.6 Chemical bonding of solids and their electronic properties [45]. Inset: the crystal structures of ZnO 
[36].
2.2.2 Band structure of ZnO
The electronic band structure, along the high symmetry lines in the Brillouin zone of 
wurtzite ZnO as reported based on computational results is shown in Fig 2.7 a). As can 
be seen from this figure, the maxima of the valence band and the minima of the 
conduction band occur at the T point indicating the direct nature of the band gap. The 
bands lying in the energy range of -5 to 0 eV are due to the contribution from the O 2p 
bonding states while the conduction bands displayed in Fig. 2.7 a) are as a result of the Zn 
3s antibonding states. [45] While the conduction levels displayed have a strongly localized
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nature, conduction levels at higher energy values (not displayed) have a firee-electron like 
nature.
One of the problems associated with the band structure of ZnO has been the ordering of 
the valance bands at the F point which are split into three states: A, B and C as a result of 
spin-orbit coupling. While the ordering of these bands may result in the commonly 
observed A F?, B F9 and C F? ordering of symmetry states, negative or inverted spin orbit 
splitting with AF9, B F? and C Fy ordering has also been reported [45]. As a result, the 
ordering of the valence band states remains an unsolved problem.
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Fig 2.7 a) The band structure of Wurtzite ZnO along the high symmetry direction in the Brillouin zone [46] 
and b) the conduction and valance bands in the vicinity of the bandgap indicating the splitting of the 
valance band into 3 levels [45].
2.2.3 Optical properties of ZnO
Due to its high exciton binding energy, ZnO is known to display interesting optical 
effects that are of importance for optoelectronic applications [45]. Optical properties of a 
given material are usually studied using steady state and transient optical absorption and 
photoluminescence (PL) spectroscopy. While absorption spectra have been found to be 
useful in identifying the optical gap of a material, a PL spectrum is deemed to be more 
useful in the study of the possible recombination mechanisms due to radiative defect 
states in the material.
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Photoluminescence spectroscopy reports in the literature are usually reported for 
measurements carried out either at room temperature, or at lower temperatures. Low 
temperature measurement is found to be extremely useful in identifying the individual 
transitions that contributes to the photoluminescence of a material which is hindered at 
room temperature due to broadening of photoluminescence peaks as a result of increase in 
the number of electron-phonon interactions [47]. The room temperature 
photoluminescence spectra of ZnO are usually reported to consist of a sharp emission 
peak at -375-385 nm (or at higher energies if quantum confinement effects are present) 
while a defect-related broad emission band is also reported in the wavelength range of 
400 -  700 nm [48] While the emission peak at -375-385 nm has been identified (through 
low temperature spectroscopy) as being due to a wealth of recombination paths due to 
free and bound excitons [49], the origins of the broad emission in the region of 400 -  700 
nm has been less clear with oxygen/ zinc vacancies or interstitials as well as copper 
impurities being attributed as a potential reason.
2.3 Vapour deposition of thin films
Vapour deposition, the core technique used for the synthesis of nanostructures in this 
thesis involves self-assembly of thin films either through physical or chemical means. 
The origin of physical synthesis of nanomaterials dates back as far as the middle ages 
where metal nanoclusters were incorporated into glass for the preparation of stained glass 
[50]. However, the controlled physical synthesis of similar structures does not seem to 
have evolved till the 1930s when the American physicist Pfund reported the formation of 
metallic clusters. Pfunds original experiment involved evaporation of Bi in a poor 
vacuum [51]. The cluster formation in this process was achieved through the cooling of 
the hot atoms as a result of collisions with the background gas which results in the 
formation of clusters once super saturation has been achieved. Since then, a number of 
physical techniques have been developed based on supersonic molecular and atomic 
beams that allow the self-assembly of complex morphologies such as clusters, nanotubes, 
as well as thin films and are now routinely employed in the synthesis of nanostructures. 
Some of the popular physical deposition processes and their characteristics are given in 
Table 2.3.
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Table 2.3 Characteristics of some physical and chemical vapour deposition processes [52].
Physical Vapour Deposition Chemical vapour 
deposition
Evaporation/MBE Sputtering FED CVD/MOCVD
Mechanism of 
deposition
Thermal energy Momentum
transfer
Thermal
energy
Chemical reaction
Deposition rate (Âmm High up to 750,000 Low except for 
pure metals 
-100
High up to 
-1,000,00 
0
Moderate up to 2,500
Deposition species Atoms and ions Atoms and 
ions
Atoms, 
ions and 
clusters
Precursor molecules 
dissociate into atoms
Energy of deposited 
species
Low 0.1 to 0.5eV Can be high 1 
-  lOOeV
Low to 
high (upto 
100 eV)
Low, can be high with 
plasma-aid
Throwing power
a) Complex 
shaped object
b) Into blind hole
Poor,
line-of-sight
Poor
Non-uniform
thickness
Poor
Poor
Poor
Good
Limited
Scalable to wafer size Up to 6” Up to 6” Up to 6” Up to 6”
2.4 Pulsed laser assisted synthesis of nanostructures
As pulsed lasers have been used as the tool-of-choice for synthesis of nanostructures in 
this work, the following discussion is focused on the laser-based synthesis of 
nanostructures reported in the scientific literature. After a brief introduction into the use 
of lasers and nanoclusters, the growth of carbon nanostructures either in a vacuum or in 
the presence of a background gas through pulsed laser ablation and the growth of 
nanostructures through laser irradiation of liquid state reactants is carried out.
2.4.1 L asers as a tool for m aterial synthesis
Laser ablation of solid targets has been a tool used for preparation of a range of functional 
nanomaterials. The earliest use of lasers for nanomaterial synthesis dates back to the mid 
1980s when fullerenes were discovered through ablation of a carbonaceous target [53] 
However, the real impetus for use of laser ablation as a tool for physical deposition of 
thin films came two years later when the preparation of high temperature superconducting 
yttrium-barium-copper oxide films through Nd:YAG laser ablation of a mixed target [54].
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Over the years, high power excimer lasers based on ArF (193 nm) [55], KrF (248 nm) 
[56, 57] and XeCl [58] excimer lasers have come into use with nanosecond pulse duration 
[59] with the principal aim being to use laser pulses as a heat source [51].
Laser assisted synthesis of nanostructures at its most simple level can be thought of as 
being due to the rapid heating of material in the laser -  materials interaction volume. 
Although it might appear to be an extremely simple process, a deeper study reveals the 
enormous complexity that is involved in such a process. For example the ejection of 
material can be driven either by thermal processes or photochemical processes -  or 
maybe even both [59]. The species formed may still have an opportunity to react with the 
same pulse depending on the pulse duration. The presence or the lack of a background 
(gas or a liquid) can further add to the complexity of the process, aiding the cluster 
formation or even other species [60]- all factors which have interesting and important 
implications with regards to the electronic properties of the material.
Among the many benefits of laser ablation as a technique of choice for material 
preparation are its high instantaneous deposition of materials and “clean” nature of energy 
transfer into the material being ablated which at times can lead to congruent materials 
transfer [51, 54]. Furthermore, laser ablation can be carried out over a range of 
backgrounds while manipulation of the ablated species can be achieved through temporal 
(i.e. pulse duration) and spatial control (i.e. spot size) of the laser pulse [51]. Material 
removal upon laser-target interaction is generally based on the rise in the target’s 
temperature up to a depth given by the thermal diffusion depth (L) (when L » 1/a where a 
is the optical absorption coefficient of the target):
L = -Ji D t (2.3)
where D is the diffusion coefficient and t  is the pulse duration which leads to a material 
evaporation generating a plume with rather high temperatures. However the large time 
gap between two pulses leads to cooling down of the plume. For formation of clusters, a 
heated background is required which is usually achieved through the introduction of a gas 
with a high collisional cross section such as Ar [51, 59, 60] as well as carrying out the 
ablation process within a furnace with a continuous flow of gas [43]. Simply, the 
identification of an optimum combination of laser parameters (pulse energy, duration, 
wavelength, the spatial and temporal intensity distribution of the laser pulse) coupled with
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the properties of the target and the background in which the material is ablated allows 
controlled formation of nanostructures [51].
2.4.2 Nanoclusters
In scientific literature, clusters (or nanoclusters as they are called now), one of the 
morphologies studied in this work, are normally considered to be an aggregate of atoms, 
ions or molecules [61]. However, there is no clear definition as to what separates a cluster 
from a macroscopic body. Although cluster science was initiated with the aim of 
understanding the properties of macroscopic bodies such as their optical, electrical and 
magnetic properties which arise due to collective phenomena, recent investigations in the 
field have also focused on clusters based on quantum dots [61] where the laws of 
quantum mechanics describe the properties of the unit instead of the classical or semi- 
classical laws of physics used for larger clusters.
2.4.3 Mechanisms for nanocluster formation under laser ablation
During the laser ablation process, the cluster formation process as well as the species in 
the plume are known to be affected by the photon energy [2], laser fluence [62], pulse 
duration [57], presence of a background gas [59, 63] and the nature of the ablation itself 
(ablation of a composite vs. the ablation of a mono-elemental target [64]). This in turn 
leads to the observed physical properties of these clusters making a study of their self 
assembly an important aspect in tuning their properties. In the following, the discussion is 
mostly based on the cluster formation for mono-element target ablation as this is widely 
studied and better understood. In addition, the cluster formation during carbon nanotube 
growth by laser ablation of multi-component targets under high background pressures is 
also discussed.
The process of nanocluster formation through laser ablation can be considered to be 
initiated at the moment of ablation itself. Generally, the amount of material ablated, as 
well as the ablation mechanisms from targets vary based upon the laser-matter 
interaction. For example, ultrashort (fs) pulses require a higher intensity compared to 
short laser pulses (ps -  ns) in order to ablate the same quantity of material. For shorter 
pulse durations, the depth ablated usually lies in the region of 20 -  50 nm per pulse, given 
by the skin depth 4 = //2nk (À is the laser wavelength and k is the imaginary part of the 
refractive index of the target) [60]. For longer pulses, the depth of ablation usually lies in
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the order of a micron and is given by (2.3) [60]. The nature of the material removed 
depends on the ablation threshold and the laser fluence used [62, 65]. Fluences closer to 
the ablation threshold, result in the production of a plume consisting of liquid droplets, 
flakes, macroscopic and microscopic particles. Removal of dimers or smaller multi- 
atomic clusters occurs at higher fluences away from the ablation threshold [65].
Once ablated, the growth of the ablated species into larger sized clusters depends on the 
subsequent interaction of the laser with the plasma plume, presence (or the absence) of a 
background, the collisional cross section of the background gas used as well as the 
duration of propagation till deposition on a chosen substrate [59, 60]. The presence of 
background gas is thought to affect cluster formation through two different mechanisms 
[59, 66] If the number of gas atoms exceeds the number of ablated species (assuming that 
the gas atoms have a high collisional cross section), the motion of the ablated species 
occurs through diffusion through the background and is termed a diffusion dominated 
expansion (diffusion limited aggregation) [66]. On the other hand a lower pressure or 
lower number of gas atoms compared to the ablated species will result in behaviour 
similar to that of ablation into a vacuum (expansion limited aggregation) [59, 60] The 
cluster formation process is also indirectly affected by the presence of a background gas 
by the decrease in ablation depth at high pressures of -100 Torr [60]. Another problem 
that affects the ablation process, as well as the clusters formed is the scattering of the 
laser beam due to its interaction with the plume that has been confined by a high pressure 
background gas, making the ablation process less efficient over time. In brief, the nature 
of the clusters formed will depend on the number of ablated species present in the plume 
which is controlled by the background gas present.
Once ablated, the cluster formation is thought to be due to inelastic collisions in a three 
body process; the third body being required for momentum conservation as a result of the 
exothermic nature of the interaction of the other two bodies involved [59, 60]. In the 
cluster formation process, it would be natural to assume that the repetition rate has an 
effect on the average cluster size with change in repetition rate indicating a change in the 
number of species in the plume as well as the potential for laser -  plume interaction. 
Gamaly et al. [60] on the other hand, using repetition rates of 150 kHz -  28 MHz, have 
reported no variation in size for samples collected at 1 -  20 mm from the target (average 
cluster size of -  4 nm with an error of ± 0.5 nm). The cluster size is also known to be 
heavily dependent on the background gas pressure with the cluster size increasing notably
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with pressures above 50 Torr [60]. On the otherhand lower pressures have been reported 
to yield a near uniform cluster size which is perhaps indicative of the fact that the cluster 
formation is accelerated during diffusion through a background gas with a high collisional 
cross section [60]. However, the small target to substrate distance of 5 mm used in these 
results (at low background pressures) should also be taken into consideration. Allowing 
the plume to expand through a distance, that is several times greater than the mean free 
path in low pressure could lead to observable changes in the cluster size. The time 
required for the growth of a nanocluster has been postulated by Rode et al [66] to be
(TV (2.4)
where N  is the number of C atoms in the cluster, e is the base of the natural logarithm, ni 
the density of C atoms, rig is the density of the gas atoms, a  the C-gas atom collision cross 
section and v the C atom velocity.
Growth of carbon nanostructures carried out using gases with a high collisional cross 
section such as Ar under pressures much less than atmospheric is known to result in the 
cluster-assisted formation of thin films. On the other hand, laser vaporization of mixed 
targets consisting of carbon and catalytic particles such as Ni, Co, Mo at pressures in the 
order of 100 Torr have led to the synthesis of carbon nanotubes through self-assembly of 
clusters and chains of carbon [27]. A schematic diagram of atypical setup used for carbon 
nanotubes growth is displayed in Fig. 2.8.
Nd:YAG laser
XeCl laser
I
1 Tube furnace Quartz tube
Mirror
Gas flow
Water cooled collector
Target
V
To spectrometer
Fig. 2.8 A typical setup used for laser vaporization synthesis of carbon nanotubes [67]. The Nd:YAG laser 
is used for the laser vaporization process while the XeCl laser is used for spectroscopy.
The growth system used consists of a quartz tube placed inside a furnace with the growth 
being carried out at temperatures in the range of room temperature to 1473 K [43, 68]. 
The direction of the flow of background gas is the same as that of the laser pulse incident
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on the target. Upon ablation, the high kinetic energy of the species results in the 
expansion of the plasma plume both axially and radially into the background gas against 
the direction of flow of the latter. Once the plume pressure decreases to that of the 
background pressure, the plume propagation direction is reversed. Upon this reversal, the 
radial propagation of material is reduced while the axial propagation is seen to increase 
leading to self-assembly of cluster, chains and subsequently nanotubes.
2.4.4 Plume dynamics in a confined environment
During the laser ablation process, the cluster formation process as well as the species in 
the plume are known to be affected by the photon energy [2], pulse duration [57], 
presence of a background gas [59, 63] and the nature of the ablation itself (ablation of a 
composite vs. the ablation of a mono-elemental target).
The plume characteristics for the ablation of mono-elemental targets under the presence 
of a background gas has been investigated using optical emission spectroscopy (OES) 
[59, 60] and Langmuir probe measurements [69]. Introduction of a background gas into 
the ablation chamber allows the synthesis of thin films with differing nanostructures and 
composition that allows a wider range of physical as well as chemical properties to be 
achieved compared to ablation in vacuum. Among such gases used, N2, H2, He, Ar are 
popular choices [59, 60, 62] The cluster formation under background gases has been 
shown to be controlled by the collision cross section of a gas as well the gas pressure. For 
example, carbon species at gas pressures lower than 50 Torr) move largely unhindered 
due to the large mean free path (as in a vacuum) in comparison to higher gas pressures 
where the mean free path is dramatically affected by the collisional cross section of the 
gaseous species [60].
Vacuum ablation of graphitic targets through nano and femtosecond excimer lasers have 
has been an area of active investigation for the laser ablation community [59, 65], 
principally due to interest in chirality-controlled (or control of how the hexagonal carbon 
lattice is rolled up to form the tube with respect to the tube axis) synthesis of carbon 
nanotubes through laser ablation. While the long pulse duration of the former allows the 
coupling of the plasma plume and the laser pulse, the shorter pulse duration in 
femtosecond lasers allows a study of the ablation species formed [59]. Optical emission 
spectroscopic studies carried out by Claeyssens and Ashfold [57] on laser ablation of 
graphitic targets in a vacuum, using nanosecond (ns), picosecond (ps) and femtosecond
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(fs) 248 nm KrF lasers has revealed a difference in the nature of species both qualitatively 
and quantitatively. Wavelength dispersed OES on ps and fs excimer laser ablation of 
graphitic targets have revealed the presence of C*, C^* and species (the * indicates 
an excited state) at 0.5 mm distance from the target in the ablated plume for fs and ps 
ablation while only C* and C^* are to be seen for the nanosecond ablation process (5 
mm) [the respective transitions for these emissions are given in Appendix I]. Yamagata et 
al. [63] also reported on the ablation of graphite in vacuum showing the presence of a 
wider range of species (C*, and C^ ^*). It should be remembered at this point that
the observed emission ratio of species is affected not only by the fluence and pulse 
duration, but also by the experimental setup as well. The onset of C*, C*"* and for ns 
laser ablation has been reported to depend on the laser fluence with C* being present at 
low fluences while and are observed above 8 and 17 Jcm'^ [70] There is some 
debate as to the threshold laser fluence above which C^* emission is noticed with 
Yamagata et al. [63] reporting a value of 3 Jcm'^.
Other than the above mentioned species which are usually responsible for high intensity 
OES transitions, emission due to the <fllu C2 radicals is also reported originating within 
~1 mm from the target for all pulse durations [57]. However, the intensity of the C2 
radicals again differs for different reports with Claeyssens and Ashfold [57] reporting 
weak intensity lines while Henley et al. [59] reported a stronger intensity for both ns and 
fs ablation compared to the other species observed in the plume. The importance of 
having a low fluence and short line of sight -  target distance in order to observe this 
transition has also been reported by Germain et al. [70] A complementary work carried 
out by Pappus et al [71] indicates that the C2 fraction in ns ablation continues to increase 
till 5 Jcm'^ followed by a subsequent decline which may be attributed to laser-plume 
interaction in the ns pulse regime [57]. Time resolved imaging of the plasma plume 
carried out using filters that allow the detection of specific wavelength emissions by the i- 
CCD camera also supports the above conclusions [57] regarding C*, C^* C^^*and C2 
species in the plume (Fig 2.9).
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Fig. 2.9 Spatially resolved OES imaging of ns, ps and fs laser ablation of graphite recorded using a 20ns 
time gate on the intensifier and a delay of 380, 120 and 120 ns for each pulse duration, (a) Represents the 
total emission while (b) is filtered at 427 nm to transmit C^*, (c) is filtered to allow X >780 (C* transitions) 
and (d) has been filtered to obtain contributions around À, = 520 ± 20 nm (C*, C^*, C^* species) [57].
The formation of C2 species has been shown to increase in the presence of a background 
gas such as N2 [63], Ar or He [59]. Unlike in vacuum, under high background gas 
pressures, wavelength dispersed OES shows the classic C2 Swan band signature which 
consists of several bands of lines in the wavelength region of 400 -  700 nm [72]. The C2 
emission bands are thought to be due to either the recombination of C atoms and ions due 
to the background gas driving the formation of these species as conjectured by Yamagata 
et al. [63] or the photodissociation of molecular Cn species (during ns laser ablation) [59]. 
Since the direct removal of Cn species from the surrounding atoms in the target is 
energetically unfavourable (as this energy exceeds that required for fragmentation of 
clusters), the dimer formation due to C atoms and ions directly through the ablation of the 
target is considered to be impossible [60]. Therefore, the increase in the Swan band 
intensity at greater distances away from the ablation site for both fs and ns pulses under 
the presence of a background gas is taken as an indication of the role gaseous species play 
in the formation of the plume. Studies carried out on the decrease in the Swan band 
intensity as opposed to the above statement for He has been attributed to the smaller 
collisional cross section of He atoms [59].
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In addition to the C2 Swan bands, additional emissions are also possible depending on the 
background gases used. For example, ablation of graphite in the presence of N2 has 
shown to result in the CN violet band emission. Considering the vibrational energies of 
species, CN has been shown to have a higher vibrational energy 2 ps after the ablation 
event than 52 ps after the ablation event in comparison to C2 which seems to maintain a 
near constant vibrational energy. Comparing the CN vibration energies reported for 1064 
nm Nd: YAG laser ablation with KrF laser ablation of graphite in N2, the relatively higher 
vibrational energies seen in the latter has been attributed to the shorter wavelength of the 
photons which leads to a more energetic and ionized plasma plume [63].
An additional tool that is ideal for studying the plume confinement effects due to the 
presence of a background gas is time-resolved imaging of plume emissions [59] .One of 
the first thing to be noticed in the presence of a background gas with a large collisional 
cross sectional area for both ns and fs laser ablation is the retardation of species in 
comparison to ablation in vacuum. However, a more important observation has been the 
bimodal distribution of C^* in both ns and fs ablation which is reminiscent of a shock 
wave propagation. In ns ablation, the plume is seen to broaden out as the shock front 
dissipates while in fs ablation an initially narrow, arrow head shaped shock wave which is 
possibly due to species moving at supersonic velocities, which subsequently changes to a 
dual arc shape (most likely as a result of components with different velocities) is seen. It 
has been suggested that the second arc may be due to emission from thermally ejected C 
atoms and clusters that form through collision with the fast moving first arc which 
comprises energetically/ electrically enhanced components. On the other hand, fs ablation 
of highly oriented pyrolytic graphite (HOPG) under a gas with a smaller collision cross 
sectional reveals the formation of an arrow head shaped shock wave with the faster 
component being well separated from the slower one.
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Fig. 2.10 a) Wavelength filtered i-CCD imaging for ns laser ablation in (a) -  (f) vacuum, (g) -  (i) 20 mTorr 
Ar and (j) -  (1) 154 mTorr Ar with (a) -  (c) being unfiltered and the rest filtered to observe C * at 426.7 nm. 
A 20 ns gate with delay of 120 ns (P* column), 250 ns (2"  ^column) and 400ns (3'^  ^column) was used for the 
above, b) Imaging for fs laser ablation in (a) -  (c) vacuum (120, 180, 300 ns delay), (d) - ( f )  154 mTorr Ar 
(120, 420 900 ns gate delay) and (g) -  (i) 34 mTorr Ar (120, 420, 900 ns). c) Time gated CCD images of 
the plume upon fs laser ablation under different Ar pressures obtained using a filter for the Ca* emission. 
(a)-(c) Ablation into a vacuum with gate delays of 120, 420 and 900 ns after the laser pulse, (d)-(f) imaging 
for ablation under an Ar pressure of 154 mTorr for delays of 120,420 and 900 ns after laser pulse [59].
Time resolved OES carried out in order to observe C2 * in fs emission under both Ar as 
well as He reveals the confinement of these species mainly to regions closer to the target 
as was the case for ablation in a vacuum. The formation of these species is thought to be 
due to three body collisional processes as the collisions between slow and fast C atoms 
(due to inability to stabilize the species formed) nor binary collisions between excited C 
atoms is thought to be able to generate these. As in the case of C *, two shock waves are 
seen.
During the synthesis of carbon nanotubes, formation of nanotubes under laser 
vaporization is due to the presence of C3 , C2 , and C species [6 8 ] The presence of carbon 
clusters, nanoparticles and nanotubes are identified through laser induced blackbody 
radiation with the intensity (7) given by
I = A r \T , .+ M ) ‘ (2.5)
where To is the temperature of the cluster, AT  the temperature increase due to laser 
induced fluorescence, r the cluster radius and ^  is a constant. The onset o f this blackbody
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radiation coincides with the disappearance of the C3 and C2 bands in the emission spectra 
which supports the view that clusters or larger aggregate formation (cluster formation 
times are greater than 200 ps at 1273 K and 50 ps at room temperature). The movement 
of the target up stream and thereby reducing the time spent by the ablated material in the 
hot zone is seen to reduce the carbon nanotube yield indicating the importance of the time 
spent by the material in the hot region of the furnace for nanotube formation. However, 
there have been reports of low temperature carbon nanotube growth [43] indicating that 
there may be an important relationship between the eutectic temperature-fumace 
temperature-laser wavelength and the time required to achieve the eutectic point.
Fig. 2.11 a) displays the propagation of the plume during carbon nanotube synthesis up to 
periods of 200 ps. At a growth temperature of 1273 K, the leading edge of the plume has 
been observed to remain stationary (i.e. at a constant distant from the target surface over) 
at 40 ns, 200 ns, 2 ps and 200 ps after the ablation event. This behaviour which is termed 
as “axial oscillations” is thought to be a result of the generation of internal shocks as a 
result of material reflected at the plume/background gas interface. These shock waves 
lead to heating and mixing of the carbon and catalytic species within the plume. 
Following these oscillatory motions, a vortex ring formation results after 200 ps as a 
result of the plume-background gas interaction [Fig. 2.11 b)]. This vortex motion confines 
the plume for longer durations (~3 s) allowing cluster formation to occur. The internal 
shock waves as well as the vortex ring formation occurs during the upstream motion of 
the plume and upon reversal of the plume direction, the vortex ring is seen to be tilted 
towards the plume axis and finally deposited on the collector. In comparison to such high 
temperatures, the plume propagation at later growth times (after 200 ps) under room 
temperature ablation is reported to be slower with a turbulent motion as a result of high 
background gas density and smaller gas viscosity. The various phases and the resulting 
mechanisms as observed by Puretzky et al. [68] is depicted in Fig. 2.11 c).
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Fig. 2.11 a) Evolution of the plume for periods of less than 200 ps after ablation for both 1273 K and room 
temperature [68]. Axial oscillations can be observed after 40 ns, 200 ns, 2 ps and 200 ps. b) Evolution of 
the plume, 200 ps after the ablation event. The vortex formation which leads to further interaction between 
the carbon clusters as well as the carbon catalyst clusters can be observed [68]. c) The growth of single 
walled carbon nanotubes through laser vapourisation ('http://www.oml.gov/~odg/tubemain.htmn.
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2.4.5 Laser assisted growth in a liquid medium
The term laser assisted growth in a liquid medium is usually employed where ablation of 
a target material is carried out within the liquid medium. The liquid medium surrounding 
the target in this case acts in a manner similar to that of a gaseous background with a high 
pressure with some subtle differences due to the liquid medium being contained within 
the ablation vessel compared to the gaseous medium which is allowed to flow out of the 
chamber through the assistance of a vacuum pump in the case of ablation in a gaseous 
medium. The resulting confinement of the ablated plume which also leads to the 
prolonged interaction of the plume with the laser beam (in comparison to less confining 
backgrounds) allows a wide variety of nanostructures to be synthesized with changes in 
composition, size and morphology.
Despite the ease in which this process can be carried out, there however exists 
considerable doubt as to the manner in which nucléation and phase transitions in the 
clusters occur. Due to the nature of the process, metastable as well as stable phase 
formation is very much a possibility and the structures formed may well be preserved in 
the final product. During laser ablation in the liquid phase, the “plume” formed will be 
subject to an adiabatic expansion at supersonic velocity creasing a shock wave in front of 
it [59, 65]. This shock wave can create an extra pressure that can increase the temperature 
of the plasma plume. Furthermore, the high (localized) temperatures will result in the 
formation of bubbles (cavitation bubbles) which expand and finally collapse at a critical 
temperature and pressure subjecting the surrounding species to high temperatures [73]. 
For example, the high pressures and temperatures achieved during laser ablation in a 
liquid medium have been used in order to synthesize nano-diamonds [74]. In addition to 
the above effects, thermocapillary or Bénard -  Marangoni convection currents can also 
form where higher temperatures at the bottom can lead to thermal fluctuations at the 
surface causing a drop in surface tension. This can lead to a lateral flow of the liquid 
(from warmer region to cooler region) while liquid from the cooler zone will also flow to 
the warmer zone to preserve a horizontal liquid layer. Such conditions are thought to 
occur as in the case of ablation of metallorganics placed on a substrate whilst being 
surrounded by a liquid layer and subjected to laser ablation [10].
In addition to laser ablation in a liquid medium for the synthesis of novel nanostructures, 
a second technique which uses a laser in conjunction with the liquid medium involves 
heating of precursor materials in solvent. This technique has been used especially for size
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controlled synthesis of gold nanoparticles [58]. The growth mechanism of these 
nanostructures is initiated by the photo reduction of AuCl^ using an excimer laser [58]. 
However, what is more interesting with regards to this growth technique is the photo 
thermal size reduction of the material formed as a result of absorption of the energy 
provided by the laser. Therefore, not only does the laser irradiation of a liquid medium 
allow the synthesis of specific materials, but also size controlled growth. Similar use of an 
excimer laser in order to control the morphology has been reported by Mollah et al. [75] 
In this case, a mixture of iron powder in methanol was allowed to flow through a system 
irradiated with a 248 nm excimer laser. Higher flow rates had resulted in the formation of 
nanobelts while lower flow rates had resulted in the formation of nano wires. It is 
proposed that the lower flow rates result in prolonged interaction of nanobelts that are 
formed with the laser leading to their fragmentation resulting in nanowires.
Laser irradiation of zinc containing metallorganics surrounded by a solvent droplet placed 
on a suitable substrate is another manner in which the laser irradiation of precursors in 
liquid has been utilized for nanostructure growth [76]. However, unlike in the previous 
cases, a variety of nanostructures was reported to be formed on the same growth cycle at 
different positions of the substrate. The nature of the morphologies observed was also 
reported to be dependent upon the fluence used. The growth process in this case thought 
to be affected by the formation of thermocapillary or Bénard-Marangoni convection 
currents where higher temperatures as the bottom can lead to thermal fluctuations at the 
surface causing a drop in surface tension. This can lead to a lateral flow of the liquid 
(from warmer region to cooler region) while liquid from the cooler zone will also flow to 
the warmer zone to preserve a horizontal liquid layer.
Laser assisted growth carried out in a liquid medium can be considered to be an 
equivalent version of laser ablation carried out in a high pressure ablation chamber as in 
the case during carbon nanotube growth where pressures in the order of 100 Torrs are 
employed. However, the difference between ablation into a liquid background 
incomparison to a high pressure gaseous background is that, unlike in the case of ablation 
in a vacuum or into a gaseous background, the material flow is not reversed due to the 
surrounding fluid layer. As a result, this allows prolonged interaction with the laser beam 
allowing the changes in the composition, size as well as morphology of the clusters 
formed.
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2.4.6 Conclusions
This chapter involved a discussion on the structure, optical and electronic properties of 
amorphous carbon and ZnO as well as discussion on the plume dynamics during laser 
ablation of HOPG. Graphitisation through thermal annealing of amorphous carbons with 
and without the inclusion of graphitising agents was reviewed as a route towards 
improving the structural order of amorphous carbons. In addition to the above, an 
understanding of the plume dyanamics also allows a better understanding on controlling 
the properties of the deposited thin films. For ZnO, the optical techniques that are 
commonly employed for characterization was discussed. Furthermore, a discussion was 
also carried out on laser based material synthesis in the liquid phase: a technique that will 
be discussed for ZnO nanocrystal synthesis in this thesis.
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Ch a p t e r  3  
EXPERIMENTAL TECHNIQUES: MATERIALS 
PREPARATION AND CHARACTERIZATION
This chapter discusses in detail the techniques used within this research for the synthesis 
and characterization of the nanostructured carbon and ZnO nanocrystals including their 
optical and electronic characteristics.
3.1 Material preparation
3.1.1 Excimer laser
The deposition of the pure carbon and C/Ni films were carried out using a Lambda Physik 
LPX 210i* (KrF, X = 248 nm, t  = 25 ns) and Lambda Physik Compex 201^ (ArF, 2 = 193 
nm, T = 20 ns) excimer lasers. Synthesis of the ZnO nanocrystals was carried out using 
the above mentioned Lambda Physik LPX 210i laser.
In excimer lasers, the generation of laser pulses is initiated (within the laser tube) by pre­
ionization pins (Fig. 3.1) which create a high density of charged molecules. The high 
voltage electrodes then transfer the energy to the gas mixture (Kr, F or Ar, F) which is in 
a He buffer reservoir. The molecules are circulated using a fan and purified with an 
electrostatic filter. The efficiency of lasing process is ~ 2% with the remainder of the 
energy being dissipated as heat. Heat exchangers are employed in order to maintain the 
temperature of the unit. The beam emerging from the laser head is directed towards the 
system in use through a suitable combination of mirrors and lenses.
Based at the Advanced Technology Institute, university of Surrey 
 ^Based at the School o f Chemistry, University of Bristol
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Fig. 3.1 Cross section of a laser tube [1].
3.1.2 Pulsed laser deposition of thin films
The pulsed laser deposition of carbon as well as C/Ni nanostructures using the KrF and 
ArF excimer lasers were carried out inside the stainless steel vacuum chambers that were 
initially pumped down to a base pressures of ~ 1 pTorr (Turbo pump) and 10 pTorr 
(diffusion pump) respectively. In both cases, the high vacuum pumps were backed by 
Roughing pumps. The two laser ablation systems used are shown in Fig. 3.2.
Window for 
«spectroscopy
Substrate
■holderFocusing
optics
arget
Pulsed laser 
beam
b)
Substrate 
tiolder ^Focusing
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Target
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beam
Vacuum pump
Fig. 3.2 The a) 248 nm KrF and b) 193 nm ArF laser ablation systems used for nanostructured C and C/Ni 
deposition.
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In the above laser ablation systems, the beam exiting the laser head was focused onto a 
rotating target at an angle of 45° (for the KrF system) and 30° (for the ArF system). The 
rotation of the target prevents the repeated ablation of the same spot and in turn 
minimizes the generation of larger clusters resulting in less debris during deposition. The 
deposition of nanostructured carbon films (both pure and Ni doped) reported in this work 
has been carried out by ablation of a target whilst backfilling the chamber with Ar. Prior 
to backfilling with Ar, the chamber is pumped down to a low background pressure. The 
samples deposited at 5 mTorr were achieved through introduction of the background gas 
while the Turbo pump was in operation. For higher pressures, the chamber pressure was 
controlled using a rotary pump. The use of a rotating substrate holder consisting of four 
arms in the 248 nm excimer laser system allowed the deposition of films under four 
different Ar pressures under a single loading.
3.1.3 Pulsed laser deposition of carbon nanostructures
Films were deposited through pulsed laser ablation (PLA) of either a HOPG target (purity 
of 99.999%, Kurt J. Lesker) or a pressed C/Ni target containing 20 at. % Ni (purity of 
99.9%, PI-KEM Ltd.). A Lambda Physik LPX 210i excimer laser was used, operating at 
A = 248 nm (t = 25 ns, F  = 6 Jcm^, rep. rate = 10 Hz). Growth was carried out inside a 
chamber that was evacuated to a base pressure ~ 10'  ^Torr and backfilled with argon. 
Deposition was carried out under various Ar pressures [p(Ar)] in the range 
5 < j^(Ar) < 340 mTorr onto Si substrates.
Films were also deposited by PLA of the pressed carbon-nickel target using a Lambda 
Physik COMPex 201 laser operating at 2 = 193 nm (t = 20 ns, F  = 6 Jcm^, rep. rate = 10 
Hz) was used. Growth was carried out inside a chamber that was evacuated to a base 
pressure of -10'^ Torr and backfilled with argon. Deposition was carried out under 
various Ar pressures in the range 10 pTorr < p(Ar) < 340 mTorr.
Morphological studies of the deposited nanostructures were carried out using Philips 
XL30 and FBI Quanta 200F scanning electron microscopes. Structural analysis for the 
graphitic nature of the deposited material was analyzed using micro-Raman spectroscopy 
(Renishaw Micro Raman 2000, Ar'*' laser with excitation wavelength of 514.5 nm). 
Assessment of the graphitization behaviour of both pure and metal-incorporated 
nanostructured carbon deposited using the KrF excimer laser were studied by annealing
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of the deposited nanostructures in a Lenton tube furnace at 573 K for 30 minutes under a 
100 seem flow of He. Atomic force microscopy (Veeco Dimension 3000 in tapping mode 
was used to examine any morphological changes in the material upon annealing to 573 K.
3.1.4 Synthesis in the liquid phase with pulsed lasers
Studies on the synthesis of ZnO nanocrystals in a conventional hydrothermal system 
combined with laser irradiation was carried out using the Lambda Physik LPX 210. The 
growth of these nanostructures, was carried out by directing the laser beam to the reactant 
vessel placed on an x-y stage.
Laser beam
ReactantsZnO
Hotplate
Stage motion
Fig. 3.3 Schematic of the setup employed for the hybrid laser hydrothermal preparation of ZnO 
nanocrystals [2].
Stock solutions of 100 mM zinc nitrate hexahydrate Zn(N03)2.6H20 and 
hexamethylenetetramine (HMTA) were initially prepared. These were then diluted down 
to a concentration of 25 mM. 2 ml of HMTA was then added to 10 ml of de-ionized 
water. The 25 mM solution of Zn(N03)2.6H20 and the diluted HMTA were then placed in 
a water bath and heated until a steady temperature of -263 K was achieved. At this point, 
2 ml of Zn(N03)2.6H20 was injected to the diluted HMTA. Sample growth was carried 
out by irradiation of the mixture at fluencies of 170, 220, 270, 330 and 390 mJcm'^ with 
the system being irradiated at each fluence for 0, 5, 7.5, 10, 12.5 and 15 min. The stage 
was translated to achieve a more uniform irradiation. Upon the completion of the laser 
irradiation, the resulting product was dipped into a water bath at room temperature to
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prevent further growth. Cleaning of the products was carried out by centrifuging the 
samples for 10 minutes twice, whilst removing the excess liquid after the first 
centrifugation followed by refilling the centrifugation tube with a new fill of DI water.
Studies on the effect of bath-temperature and the repetition rate were carried out at a 
fluence of 330 mJcm'^ for the growth duration of 10 min for each sample. Temperatures 
of 303, 323, 343 and 363 K were studied under repetition rates of 2, 10, 40 and 100 Hz 
being used at each temperature.
Characterization of the above nanostructures was carried out using the FBI Quanta 200F 
and Philips XL30 scanning electron microscopes and the Philips CM200 transmission 
electron microscope. A selected area electron diffraction pattern was also obtained using 
the transmission electron microscope (TEM). Sample preparation for the TEM was 
carried out by scooping up the samples from the de-ionized water. Optical 
characterization of the samples was carried out using a Cary Eclipse fluorescence meter 
using a 330 nm excitation and a Cary 5000 UV-Vis-NIR spectrometer.
In order to study the effect of laser heating on the nanocrystal growth rate, laser annealing 
of sol-gel based ZnO quantum dot growth system (first reported by Bahnemaim et al [3]) 
was carried out. The technique involves dissolving 1 mmol of Zn(0Ac)2 under magnetic 
stirring at ~ 50 °C in 8 ml of propan-2-ol. 8 ml of this solution is then diluted by adding a 
further 84 ml of propan-2-ol which was then stored at ~ 273 K. 8 ml of 0.02 M NaOH (in 
propan-2-ol) was also prepared in using a stock solution of 0.2 M NaOH which was 
diluted to the required concentration. This was also stored at ~ 273 K. The two precursors 
were then mixed by adding NaOH to Zn(0Ac)2 within 1 minute whilst still at -273 K. 
Proper mixing was achived using magnetic stirring. Upon mixing, the sample was placed 
in a water bath at -65 °C. Laser irradiated growth was carried out under two different 
conditions. The precursor solution was irradiated immediately upon mixing or was 
allowed to reach -338 K before starting the irradiation process. Aliquots were drawn 
from the growth system each minute for 1, 2, 3, 4, 5 and 10 min and stored again at -  273 
K. A reference for each growth condition was also carried out without laser heating in 
order to ascertain the effect of the laser. As a surfactant was not used in order to obtain a 
proper dispersion of the nanocrystals in water, the aliquots drawn were subjected to 
optical absorption spectroscopy with as little delay as possible.
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3.2 Material characterization
3.2.1 Optical em ission spectroscopy (CES) and plume imaging
In-situ optical emission spectroscopy of the plasma plume was obtained using a 1 mm 
diameter optical fiber coupled to an Andor Shamrock 3031 spectrometer. The captured 
light was dispersed using a 300 lines/mm grating blazed at 300 nm in the spectrometer. 
The obtained spectra had a spatial resolution of -0.1 nm. The plume emission over a 
circular region of -3  mm diameter was collected onto the fibre by passing the emission 
through a biconvex lens.
Plume imaging was carried out using a 1024 x 1024 pixel camera (Andor iStar) triggered 
using the high voltage output from the excimer laser. Compensation for the delay in the 
laser charging pulse and the incidence of the beam on the target was achieved through the 
on board delay generator. All quoted time intervals were measured with respect to the 
time at which laser light is detected on the target {t=0) and the gate width. Saturation of 
the CCD due to the intense Ni emission was avoided through the use of a neutral density 
filter [OD = 2 (i.e. a transmission of 1%) at 550 nm], low gains and long gate widths of 
100 ns accumulated over 25 laser pulses. Filtered imaging was achieved through the use 
of a band pass filter in place of the neutral density filter selected to observe specific 
emissions.
3.2.2 Scanning electron microscopy (SEM)
The scanning electron microscope was used for characterization of the surface 
morphology of the nanostructures. A Philips XL30 which generates the electron beam 
thermionically using a tungsten hairpin source and the FBI Quanta 200F environmental 
scanning electron microscope with a field emission source was used. The electron beams 
generated are focused using an electromagnetic objective lens. The beam is scanned 
across the sample surface in a raster pattern using scanning coils with the magnification 
of the image being controlled by the scanned area. Imaging of the specimens was carried 
out through the use of secondary electrons Further details on the operation of an SEM is 
given in [4].
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Fig. 3.4 The electromagnetic optic, sample and detection setup for the scanning electron microscope and 
energy dispersive X-ray spectroscopic analyzer.
3.2.3 Energy dispersive x-ray spectroscopy (EDXS)
Electrons incident on the sample can lead to the excitation of atoms followed by a de­
excitation process. During this de-excitation, the energy is released as x-rays. Due to the 
quantized nature of energy levels, each element will have a characteristic set of transitions 
which can be detected using a Si based p-i-n photodiode and can be used to identify the 
presence of that element in the sample.
Quantification of the EDX data in this thesis has been based on a first approximation 
approach based on the following relationship [4]:
L
std 1.std
(3.1)
where Ci is the weight of element i, li is the intensity of a selected x-ray emission (e.g.: 
Ka) of element i (based on area) and kj is the concentration ratio. For the spectroscopy 
work reported in this thesis, an Oxford Instrument Inca Penta FETx3 EDX detector was 
used.
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3.2.4 Transmission electron microscopy (TEM)
Like the SEM, the TEM employs a beam of electrons in order to view the structure of 
materials through the use of a system of condenser/ objective/ projector lenses and a 
detector. While an SEM observed secondary electrons generated as a result of the sample- 
electron beam interaction, the TEM detects electrons that have been transmitted through 
the sample. This requires samples with a thickness less than 100 nm and an electron beam 
accelerated to voltages in the order of 200 kV. The electrons generated by the gun may be 
diffracted as it passes through the material or move unhindered. Depending on the 
detection plane either a diffraction pattern or a real space image of the material can be 
generated.
For the work reported, a Philips XL200 TEM with a LaBô electron source was used.
3.2.5 Atomic force microscopy (AFM)
The AFM is a scanning probe microscopy technique that is used to obtain topographical 
information of a material. The instrument itself involves a tip on cantilever which acts as 
the probe. In order to detect changes in the tip oscillation, a laser beam is shone upon the 
cantilever and is reflected onto an array of photodiodes. For the results discussed in this 
thesis, a VEECO Dimension 3000 AFM operating in the tapping mode was used. In this 
mode, the cantilever is set to oscillate at a frequency just above its resonance value at a 
set amplitude through a piezoelectric actuator. The tip -  surface interaction through van 
der Waals, electrostatic or dipole-dipole interactions causes a change in the vibrational 
amplitude of the cantilever. A feedback system is used for restoration of the original tip 
oscillation upon the detection any such changes in the a change (tip) oscillation.
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Fig. 3.6 Schematic of an atomic force microscope. A piezoelectric scanner, usually in the tapping mode is 
used to detetct the variation in the surface topology. Any variation in the displacement is recorded by a laser 
diode which detects a shift in position and through a feedback system allows the system to correct the 
motion of the scanner, ('http://web.mit.edu/cortiz/www/afm.gif)
3.2.6 Ultraviolet and visible spectroscopy
Ultraviolet and visible spectroscopy (UV-Vis) involves the study of excitations in 
materials due to absorption of photons. The intensity of the transmitted light upon 
absorption by the material is given by the Beer-Lambert law [5];
I  = I q exp(-œc) (3.2)
where Iq is the incident beam intensity, I is the transmitted beam intensity, a is the 
absorption coefficient and x the path length through the absorbing medium. The Beer- 
Lambert law is valid only if the absorbers in the material act independently, the absorbers 
are homogenously distributed and do not scatter the radiation, the incident radiation is 
parallel and travels the same distance through the material, the incident radiation is 
monochromatic or has a wavelength distribution that is narrower than the absorbing 
transition and only if the radiation acts as a non-invasive probe [6].
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Using the Beer-Lambert law, the absorbance of a material is given by
Absorbance = -  In
J
(3 .3 )
During absorption of UV or visible light, the following electronic transitions are observed 
[6]:
(i) transitions due to bonding, and non-bonding electrons to antibonding states
(ii) transitions involving charge transfer electrons
(iii)transitions involving d and f  electrons
Fig. 3.7 displays the allowed transitions for electrons from bonding or non bonding states 
to anti-bonding states during optical absorption spectroscopy.
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Fig. 3.7 Allowed electronic transitions during atomic absorption spectroscopy [6].
The Varian Cary UV-Vis 5000 was used throughout the work described to obtain 
absorbance values through transmission measurements. In the spectrometer, a mercury 
lamp acts as the source for UV radiation while a tungsten lamp acts a source for visible 
and near-infrared light. A monochromator which possesses two collimating mirrors and 
two gratings is used in order to obtain a beam spread over a narrow wavelength range. 
The resulting radiation is guided via mirrors. The photons that are transmitted through the 
sample are finally focused on the PbS detector. The switchover from the tungsten to the 
mercury source can be adjusted over a narrow wavelength window which can be used to 
negate any artefacts in the spectrum due to the switchover process.
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Fig. 3.8 The schematic for a UV-Vis spectrometer. A single or dual beam spectroscopic characterization 
can be carried out. (http://bouman.chem.georgetown.edu/SOO/handout/spectrometer.htm^
3.2.7 Raman spectroscopy
Raman scattering is a non-destructive technique that employs the inelastic scattering of 
photons due to the change in polarization as a result of phonons [7]. As a normal 
scattering process tends to include both elastic as well as inelastically scattered 
components, a filter is employed in order to eliminate the elastically or Rayleigh scattered 
component.
A Raman spectrum of a single crystalline material is based upon the q -  0 fundamental 
selection rule. However, materials consisting of finite sized domains such as grains will 
result in the relaxation of this selection rule allowing to allow the participation of phonons 
lying near the (Brillouin) zone centre (F), with Aq ~ 27i/d where d is the domain size [8].
The Raman signal of a material can be due to a single or a multiple resonance process as 
shown in Fig. 3.9 for a material with linear energy dispersion (such as graphite). The 
single resonance process has been shown in Fig 3.9 a) where an electron excited from the 
valence band to the conduction band is scattered by a phonon with coph ~  0 (or a F point 
phonon). In Fig 3.9 b) and c), an electron with wave vector ki has been excited from the 
valence band to the conduction band (point) from which it achieves the state “b” as a 
result of a phonon of momentum cOph. What differs in 3.9 b) and c) is that in the case of 
3.9 b), the electron achieves the state “c” due to an elastic scattering from a defect site 
while in 3.9 c), the state “c” is achieved as a result of a scattering as a result of a second 
phonon with momentum -coph.
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Fig. 3.9 The resonance processes in Raman spectra, a) A single resonance due to a q ~ 0 (T point) phonon, 
b) a double resonance involving a single phonon and elastic scattering from a defect and c) a double 
resonance involving scattering of the excited electron as a result of two phonons.
As stated in Chapter 2, Raman spectra o f  carbon-based materials display three im portant peaks 
based on the laser wavelength: the T, D and G peak. Out o f  these, the D peak is attributed to the 
breakdown o f  the q  ~  0 selection rule w hich is replaced by q ~  2 k  double resonance condition 
around the K  point [9] due to the finite sized graphitic crystallites [10], while the G peak is an 
outcome o f  the q ~  0 selection rule.
In this work, the Renishaw 2000 Micro Raman with an Ar^ laser (514.5 nm) was used for 
Raman characterization of materials.
3.2.8 Photoluminescence (PL) spectroscopy
Photoluminescence spectroscopy is a non-destructive technique that allows the probing of 
energy states in a material through radiative recombinations. For the work discussed in 
this thesis, a Cary Eclipse fluorescence meter with a xenon lamp was used. The use of a 
xenon lamp allows a broader excitation range to be achieved. The excitation wavelength 
is selected with the aid of a monochromator.
Excitation of the rnaterial at a wavelength above its bandgap allows the observation of 
radiation recombination due to radiative recombination transitions from the lowest 
unoccupied molecular orbital to the highest occupied molecular orbital or into defect 
states in the bandgap. In order to optimize the signal due to such transitions, the collection 
of the emitted photons is carried out at a direction orthogonal to the incident photons in 
order to minimise the contribution from incident photons scattered from the sample.
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Fig. 3.10 Excitation of an electron from the valence to conduction band and subsequent emission processes. 
Unless the photon absorbed has an energy matching that of the bandgap, a non radiative relaxation will also 
result.
3.2.9 Photoelectron spectroscopy
Photoelectron spectroscopy involves the generation of free electrons on the surface or 
subsurface region of the material by irradiation of a sample with photons of suitable 
energy (either in the UV or soft x-ray region of the electromagnetic spectrum). While the 
use of UV allows the study of the valence band features of the chosen material, the use of 
soft X-rays allows the characterization of core levels of the material.
For analysis, an electrical contact from the solid spectrometer is made to the specimen 
resulting in the Fermi levels of both the detector and the sample reaching an equilibrium 
value. According to Fig. 3.11, the binding energy \e I  (^)J of the material and the kinetic 
energy of the ejected electrons Ekm are related to the incident photon energy via the 
following [11]:
nco = E ^(k) + Ej^ ,„+(j>^spec (3.4)
Here (j)spec is the work function of the spectrometer. It should be noted that the sample 
work function ^  is not involved in determining the binding energy.
For the work reported in this thesis, an Omicron spectroscopic system with a Mg source 
(Kai x-ray energy of 1253.6 eV) was used for XPS analysis while a He I source (energy 
of 21.2 eV) was used for valence band spectroscopy.
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Fig. 3.11 Schematic of the alignment of the energy levels of the sample and the detector in an XPS system 
[11].
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Ch a p t e r  4  
PULSED LASER DEPOSITION OF CARBON 
NANOSTRUCTURES
This chapter involves a discussion on the pulsed laser deposition, electrical and optical 
characterization of amorphous carbon of differing morphologies. Due to the poor 
electrical properties of the pure nano structured carbon, the effect of nickel alloying is 
studied as a means of enhancing the electrical properties. The effect of thermal annealing 
is also discussed for both the pure and nickel-alloyed carbon nanostructures as a means to 
further improve the observed electrical characteristics. Finally, the application of smooth 
carbon films (both pure and Ni-alloyed) are investigated as electrodes for diamond based 
radiation detectors while the application of Ni alloyed cluster-assembled nanostructures 
for gas sensing is also discussed.
4.1 Introduction
Pulsed laser deposition is a technique commonly employed for deposition of either mono 
component [1] or multi-component thin films [2-4] where the multi-component 
nanostructures may be formed by simultaneous ablation of multiple targets, ablation of a 
composite target and/or ablation into a reactive gaseous background. Among the range of 
materials deposited using PLD, nanostructured amorphous carbon has been of interest to 
the laser ablation community.
The attractiveness of nanostructured carbon as a material of study has been due to its 
potential applicability in nanoelectronics in areas as diverse as electrochemistry, gas 
sensing, catalysis, energy storage, and photovoltaics [5-6]. While the usefulness of carbon 
in many of these applications critically depends on its ability to form either sp^ or s jf  
bonds, the morphology of the material also has an important effect on its overall 
properties [7].
In laser ablation, the morphology of the carbon nanostructure formed has been observed 
to be dependent on a variety of factors ranging from temperature of the ablation system 
[8] or of the substrate [9], the background gas used and the pressure of the background 
gas etc. [10] While ablation under a low background pressure or in a gas with low
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collisional cross section leads to the formation of smooth diamond-like carbon (DLC) thin 
films [10], cluster formation can be achieved under a background gas of high collisional 
cross section such as Ar [10-11].
Although such nanostructures can be easily prepared under room temperature deposition, 
the disordered nature of the material as well as an sp^ matrix [12] or surface layer 
surrounding the sp^ clusters [13] is generally observed to lead to poor electrical 
properties. One possible route toward increasing their conductivity is through alloying 
with metallic elements such as Mo, Co or Ni [5, 14]. Despite studies on the synthesis of 
carbon nanostructures such as carbon nanotubes with the assistance of metallic elements 
[15-17], there have been very few reports on the effect of incorporated metallic elements 
on the physical properties of nanostructured carbon [14, 18].
4.2 Pulsed laser deposition of nanostructured carbon
4.2.1 Experimental method
The preparation of the nanostructured carbon (both pure and Ni alloyed) was carried out 
based on the method given in section 3.1.3. In order to evaluate transport properties of the 
smooth films (deposited under />(Ar) = 5 mTorr), film deposition was carried out onto a 
SiOi (300 nm)/Si substrate with photolithographically patterned Ti (8 nm)/Au (60 nm) 
electrodes. The electrodes were wire bonded onto a chip holder using a Kulicke & Soffa 
wire bonder. Temperature based charge transport studies were carried out in the 
temperature range of 50 -  292 K using a closed cycle He cryostat coupled with a Keithley 
238 source-measure unit by sourcing the current and measuring the voltage. For 
evaluation of the charge transport properties of the cluster-assembled Ni films, field 
emission behaviour using a plane to cone configuration in a chamber pumped down a 
base pressure -10 pTorr was employed.
4.2.2 Surface morphology of KrF laser deposited nanostructures
Analysis of the morphologies of the deposited nanostructures can reveal important 
information with regard to the observed electrical and optical properties. SEM images 
indicating the surface morphology of pure C and C/Ni nanostructures deposited under 
different ^ (Ar) are given in Fig. 4.1. From the microstructural analysis of Fig. 4.1, it is 
evident that the nanostructure deposited at 7?(Ar) = 5 mTorr possesses a smooth surface 
that is similar to DLC in terms of surface morphology, while cluster formation becomes
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evident at p(Ar) > 40 mTorr. A simple examination of scratch-resistant properties using a 
pointed tweezer has indicated that the p{Ai) = 5 mTorr nanostructures both with and 
without Ni are highly scratch-resistant in a manner similar to DLC while the cluster- 
assembled material are softer in nature as has been previously reported by Henley et al. 
[10] Furthermore, the morphology observed under p{Ar) = 340 mTorr deposition utilized 
is reminiscent of carbon nanofoams reported by Rode et al. [11] using high repetition rate 
laser ablation of a graphite target, although p (At) > 1 Torr was utilized in that work. In 
that work, the formation of such cluster-assembled nanostructures was attributed to the 
higher collisional cross section of gases such as Ar which can significantly reduce the 
mean free path of the ablated species compared to lighter gases such as He which possess 
a lower collisional cross section and hence, a longer mean free path [10].
ns-C
C/Ni
Fig. 4.1 Scanning electron micrographs of carbon nanostructures deposited through laser ablation of HOPG 
(ns-C) and mixed C/Ni target for ^ (Ar) of a) 5 mTorr, b) 40 mTorr, c) 100 mTorr and d) 340 mTorr.
The change in the surface morphology from a smooth film to cluster-assembled structures 
for the C/Ni deposited nanostructures under both as-deposited and annealed (at 573 K) 
conditions are clearly visible in the atomic force micrographs presented in Fig. 4.2 
Furthermore, despite the presence of Ni, no change in the surface morphology of the 
nanostructured films (compared to the pure carbon nanostructures) was observed under 
both as-deposited as well as in the annealed samples.
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Fig. 4.2. AFM micrographs of C/Ni nanostmctuers formed by 248 nm PLA of the C:Ni target at as- 
deposited (a) -  d)) and upon annealing at 573 K (e)-f)) with a) & e): p(Ar) = 5 mTorr, b) & f): p(Ar) 40 
mTorr, c) & g); />(Ar) = 100  mTorr and d) & h) p(Ar) = 340 mTorr. No change in morphology can be 
visually observed.
4.2.3 Electrical properties of KrF laser deposited nanostructures
The electrical characteristics of nanostructured carbon deposited under different 
background pressures of Ar through laser ablation of an HOPG target were investigated 
under two different thicknesses: i.e. deposition using 2,500 laser pulses and 10,000 laser 
pulses (Fig. 4.3). Although the number of laser pulses used for film deposition has been 
increased by four-fold, the electrical characteristics of the nanostructures studiedhere are 
not observed to improved by a similar order of magnitude indicating that the charge 
transportation does not follow a linear relationship with the number of pulses. However, 
annealing of the nanostructures indicates a 2 -  3 orders of magnitude enhancement in the 
electrical characteristics properties.
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Fig. 4.3 The 1-V characteristics of nanostructures deposited through PLA of an HOPG target under p(Ar) of 
a) 5 mTorr, b) 40 mTorr, c) 100 mTorr and d) 340 mTorr. Films have been analyzed under two different 
thicknesses (2500 laser shots and 10000 laser shots) under as-deposited (303 K) and upon thermal 
annealing at 573 K in a He background. Annealing appears to have a pronounced effect on the electrical 
properties while increase of thickness is observed to have a very little effect.
According to Ferrari et al. [19], in order to convert a significant fraction of the sp^ content 
to sp^ for enhanced charge transport properties in undoped amorphous carbon, thermal 
annealing at temperatures in excess of 1200 K is required. However, annealing at 
temperatures below ~ 873-973 K can also produce a small number of new sp^ sites, 
inside an 5/>^^ase, which may cause an exponential increase in conductivity due to the 
formation of highly conductive spatially localized sp^ clusters between which charges can 
be transferred through the coupling of electron wavefunctions of two clusters (i.e. 
cr oc I % ) )  [20]. A similar behaviour for amorphous carbon has been reported by
Sullivan et al. [20] who showed that a considerable enhancement in the electrical 
conductivity of undoped amorphous carbon can be achieved through annealing at 
moderate temperatures in the range of 473 -  973 K. A similar mechanism is thought to 
result in the observed (enhanced) transport properties which are further supported by p- 
Raman spectroscopic analysis (section 4.2.4).
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While the observed enhancement in electrical properties through a simple annealing 
process is considerable, an enhanced charge transport is highly preferred for 
nanoelectronic device applications. While gas phase doping [21] has been actively 
investigated in the past as a route towards enhancing the electrical properties of 
amorphous carbon, the incorporation of metallic elements for enhancement of electronic 
properties in nanostructured carbon films are also of interest. As was mentioned 
previously, incorporation of Ni into the carbon matrix has been attempted in this work as 
a route towards enhancing the charge transport properties of the carbon nanostructures 
while maintaining the morphology obtained through PLA of the HOPG target. The I-V  
characteristics investigated for nanostructures deposited through ablation of a C/Ni 
composite target using 2,500 and 10,000 laser pulses are given in Fig. 4.4.
<10-
■ 2500 shots 303 K
•  10000 shots 303 K 
A 2500 shots 573 K 
▼ 10000 shots 573 K
■ 2500 shots 303 K
•  10000 shots 303 K 
A 2500 shots 573 K 
T  10000 shots 573 K
Voltage (V)V oltage (V)
I
■ 2500 shots 303 K
•  10000 shots 303 K 
A 2500 shots 573 K 
T 10000 shots 573 K
■ 2500 shots 303 K
•  10000 shots 303 K 
A 2500 shots 573 K 
T  10000 shots 573 K
10 1 —
V oltage (V) V oltage (V)
Fig. 4.4 The I-V  characteristics of nanostructures deposited through PLA of the mixed C/Ni target under 
p{Ax) of a) 5 mTorr, b) 40 mTorr, c) 100 mTorr and d) 340 mTorr. Films have been analyzed under two 
different thicknesses (2500 laser shots and 10000 laser shots) under as-deposited (303 K) and upon thermal 
annealing at 573 K in a He background. Both thermal annealing and thickness appears to have a 
pronounced effect on the transport properties for these nanostructures.
For the nanostructures deposited through PLA of the C/Ni target, the I-V  characteristics 
appear to indicate a symmetric behaviour as was the case for the nanostructures deposited
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through PLA of the HOPG target. However, unlike in the case of the latter 
nanostructures, the incorporation of Ni appears to lead to an order of magnitude 
enhancement in the electrical characteristics upon increasing the total number of laser 
pulses by four fold. Two factors may be attributed to the enhancement in the charge 
transport properties:
1) the deposition of graphitized carbon due to the high temperatures usually achieved 
in the plasma plume or
2) the formation of a better percolated network consisting of Ni clusters.
p-Raman spectroscopic analysis (discussed in section 4.2.4) indicates that the hexagonal 
sp^ cluster content is reduced (i.e. the material becomes more amorphous in nature) upon 
the inclusion of Ni. Therefore, the observed enhancement is attributed to the formation of 
conducting pathways through Ni clusters instead of the formation of graphitic clusters. 
Despite the observed conduction properties under as-deposited conditions for the C/Ni 
nanostructures, the observed electrical characteristics are still deemed to be far from 
useful for device applications. Previous reports in Ni incorporated disordered carbon has 
indicated the possibility of forming graphitic nanostructure in the presence of Ni using 
annealing at temperatures as low as 573 K [5]. While annealing at 373 and 473 K were 
attempted, no significant enhancement in the electronic transport properties were 
observed. However, upon annealing the Ni incorporated nanostructures to 573 K, a 3 -  7 
orders of magnitude enhancement (depending on the nanostructure) was achieved, 
especially in the cluster-assembled nanostructures where the charge transport properties 
easily approach that of the smooth diamond-like Ni-incorporated thin films. In the 
annealed Ni-incorporated nanostructures, the observed enhancement in the electrical 
properties may be attributed to the graphitisation of the carbon nanoclusters as observed 
through analysis of the p-Raman spectra for the above nanostructures (section 4.2.4). The 
graphitization of carbon as well as the presence of high nickel atomic content (as will be 
discussed in 4.2.6) which can lead to the formation of a better percolated network of Ni 
(as has been observed by Anton [22]) is likely to explain the observed enhancement in the 
electrical properties of Ni alloyed (annealed) nanostructures.
In addition to the above analysis of the I-V  characteristics of the />(Ar) = 5 mTorr as well 
as the j)(Ar) = 340 mTorr for both pure and Ni alloyed nanostructures (as deposited and 
thermally annealed) indicates a linear behaviour for log(7)~log(V) with a gradient of 1
65
(coefficient of regression ~ 1) (Fig. 4.5). It is noted here that due to the large (planer) gap 
of 100 pm, the field applied on the above nanostructures are -10^ Vcm'^ (although higher 
localised fields may be achieved especially in the case of the cluster assembled 
nanostructures). This most likely explains the lack of non-linear 1-V characteristics 
usually observed due to Poole-Frenkel tunnelling in carbon thin films [21].
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Fig. 4.5 I-V  characteristics of carbon nanostructures deposited at p(Ar) = 5 mTorr and b) 340 mTorr. The 
characteristics for both as-deposited and thermally annealed conditions are displayed. The curves are 
observed to be well represented by linear fits (coefficient of regression = 1)
4.2.4 Graphitization of nanostructured carbon
Despite the broad similarity of the ATM mierographs of the nanostructures taken before 
and after annealing presented in Fig. 4.2, previous studies of pure [20] and Ni alloyed [5] 
earbon thin films have hinted at the possibility of a struetural change (i.e. eonversion of 
sp^ to sp^). Furthermore, a significant enhancement of eleetrieal properties was observed 
in 4.2.3 for nanostructures deposited through PLA of the HOPG and C/Ni targets. In 
terms of analyzing sueh structural changes, p-Raman spectroscopy is likely to provide 
stronger diagnostie eapabilities than scanning electron or atomic force mieroscopy [23].
Fig. 4.6 shows p-Raman spectra of nanostructures grown by 248 nm PLA of the HOPG 
and mixed C/Ni targets as observed under as-deposited and annealed eonditions 
(temperature = 573 K). The p-Raman speetra of amorphous earbon eonsists of D and G 
peaks whieh are due to the breathing mode of disordered hexagonal sp^ rings (D peak) 
and bond stretehing in sp^ rings and ehains (G peak) [24] respectively. An analysis of the 
relative peak intensities (based on peak height), i.e. the 1(D)/1(G) ratio and peak positions 
have been used to determine the nature (i.e. graphitic, amorphous tetrahedral-like) of the 
earbon nanostructures (peak fittings are given in Fig. 4.7) [24]. Although it would be
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more appropriate to calculate the peak intensities based on the area, the use of peak 
heights allows a direct comparison of the structural analysis of the nanostructures studied 
in this work with those discussed in the literature [25].
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Fig. 4.6 514.5 nm Raman spectra of the (a) as-deposited and (b) annealed films grown at several different 
values of j!?(Ar) by 248 nm PLA of the HOPG; (c) and (d) are corresponding spectra of the as-deposited and 
annealed films, respectively under PLA of the mixed C/Ni target, again by 248 nm PLA at various p(Aï). 
The values ofp(Ar) under which these films were produced were (i) 5, (ii) 40, (iii) 100 and (iv) 340 mTorr. 
The positions of the D and G peak are indicated.
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Fig. 4.7 Lorentzian and BWF fits to D and G peaks of the p-Raman spectra of the carbon nanostructures 
studied in this work. The black curves indicate the experimental data. The Lorentzian fit is indicated by the 
red-dashed line, the BWF fit is indicated by the blue-dotted line and the cumulative fit for the Lorentzian 
and BWF fits are given by the purple dashed line
The variation of the I(D)/I(G) ratio along with the respeetive D and G peak positions are 
given in Fig. 4.8, For amorphous materials, The I(D)/I(G) ratio is taken to be an 
estimation of the size of graphitie elusters {La) and in turn, their optical gap {E^ (for a
514.5 nm excitation) [23] according to
L T l  « 0.00551^ oc —
KG) E ,
(4.1)
For estimation of the I(D)/I(G) ratio as well as the peak positions, the p-Raman spectra 
were fitted using a Lorentzian to the D peak and a Breit-Wigner-Fano (BWF) line shape 
for the G peak [23] [as given by equations (4.2) and (4.3) respectively]. The use of a 
combined Lorentzian and BWF lineshapes minimizes the number of peaks required to 2
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due to their asymmetric nature than in the ease of using Gaussian fits which at times can 
require 4 peaks [23] .
I{co) = 1 r/2
^  +(r/2)^
(4.2)
l{co) — I q (4.3)
Here, I(co) is the intensity at frequency co. cdq is the frequency of the peak intensity Iq, Q is 
the coupling coefficient and the full width half maximum.
0.8
0.7-
o
0 .6 -O
0.5-
0.4
C )1620
1600
E
a  1580
o 1560 
O
1540
■ As deposited 
o  Annealed
100 200 
Pressure (mTorr)
300 400
As deposited  
A nnealed
_______
100 200 
Pressure (mTorr)
300 400
b) 0 .8 -
0.7-
&
5L 0.6-1 O
0.5-
0.4
d)l620-|
1600-
1 1580 4
g 1560 4 
O 
1540-
■ As deposited 
A nnealed
100 200 
Pressure (mTorr)
300 400
■ As d ep o sited  
A nnealed
100 200 
Pressure (mTorr)
300 400
Fig. 4.8 I(D)/I(G) ratios from the Raman spectra of the as-deposited (•) and annealed (o) films grown at 
different p(Ar) by 248 nm PLA of a) the pyrolytic graphite target and b) the mixed C/Ni target. The G-peak 
Raman shifts are indicated in panel c) for the films deposited using HOPG target and in panel d) for the 
C/Ni target. The dashed lines are intended to reflect the approximate trend with pressure for the as- 
deposited and annealed films, respectively.
The observed variation of the I(D)/I(G) ratio for the nanostructured earbon deposited 
using PLA of HOPG, as presented in Fig. 4.8 (a), reproduces the trend in I(D)/I(G)
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reported previously by Henley et al. [1] The G-peak positions of the nanostructure 
deposited at p(Ar) > 5 mTorr through PLA of the HOPG target are observed to fall 
consistently in the range 1560-1570 cm'^ Considering these observations and 
comparison of the above values with the amorphisation trajectory proposed by Ferrari and 
Robertson [23] as well as equation (4.1), it is evident that the undoped films formed under 
higher p(Ar) have a higher sp^ cluster content than those formed at p(Ar) = 5 mTorr, for 
which the G-peak lies further to the red at ~ 1540 cm“  ^ (indicating very little disordered 
sp^ content for the p{Ax) = 5 mTorr films). Upon annealing, the I(D)/I(G) ratios for the 
films grown at 40 < p(Ar) < 340 mTorr are almost unchanged, and the G-peak positions 
are now blue shifted by only ~ 20 cm '\ The effect of annealing the film grown at p(Ai) = 
5 mTorr is more dramatic: the I(D)/I(G) ratio increases markedly, and the G peak blue 
shifts by ~ 40 cm"\ While it might be tempting to ascribe the increase in I(D)/I(G) ratio 
and shift of the G peak position to some corresponding reduction in sp^ content, it is 
noted that a significant sp^ -> sp^ conversion is considered to be difficult in undoped 
films at such a low annealing temperature as was employed in the work reported here[19] 
and therefore suggests an improved ordering of the sp^ content allowing for the formation 
of larger sp^ elusters for the p(Ar) = 5 mTorr film [23, 26].
The I(D)/I(G) ratios in the Raman spectra of the as-deposited films grown from the mixed 
C/Ni target show an increasing trend with p(Ai), in contrast to the decrease observed with 
increasing p(Ar) for the nanostructures deposited using the HOPG target. Notably, the 
7(D)//(G) ratios for the films grown using the mixed C/Ni target decrease markedly 
between p(Ar) = 5 and 40 mTorr, but increase thereafter — implying the formation of 
relatively more graphitic nanostructures at higher p(Ai). Annealing of the as-deposited 
films leads to an increase in the I(D)/I(G) ratio. The G peak positions [23] for films 
grown from the mixed C/Ni target, i.e. ~ 1540-1555 cm '\ indicate the formation of an 
amorphous carbon nanostructure, despite the presence of a catalytic agent (Ni) in the hot 
plasma plume. The increases in I(D)/I(G) ratio and G peak position upon annealing, leads 
to the conclusion that these evolve into graphitic structures whilst preserving the 
morphology under the as-deposited condition and are consistent with enhanced sp^ cluster 
formation reported by Agostino et al. [5]. It is highly likely that the graphitization 
proceeds by forming graphitic layers that cap the Ni clusters. As the Ni clusters are now 
separated by a more conducting shell, annealing is expected to lead to a pronounced 
enhancement in the charge transport properties as was previously observed through
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electrical measurements. Furthermore, a comparison of the trends observed for 
nanostructures deposited through PLA of HOPG and C/Ni suggests that ablation of a 
mixed target containing a catalytic element in this range of p{Ar) is not a viable route to 
forming graphitic nanostructures in the absence of an additional heating source (such as 
an oven during laser synthesis of carbon nanotubes). The only significant difference is in 
the case of films deposited at p(Ar) = 5 mTorr, where the presence of Ni results in 
relatively higher sp^ cluster content in the composite versus the undoped film.
4.2.5 Optical gaps of nanostructured carbon
The optical absorption of amorphous earbon is known to be dependent upon the 
transitions between the less energetically spaced % (bonding) states and n* (antibonding) 
states [compared to a  (bonding) and a* (antibonding) states] [27]. Due to these optical 
transitions, the optical absorption spectrum of amorphous carbon displays a broad 
absorption tail in comparison to highly sp^ hybridized amorphous semiconductors which 
display an Urbach-like region due to transition from extended to localized states and a 
Tauc-like region due to transitions between extended states [27]. Therefore, the optical 
absorption of carbon nanostructures that are highly sp^ in nature should show both 
Urbach-like and Tauc-like behaviour.
The optical transmission spectra of nanostructured carbon deposited through PLA of 
HOPG and C/Ni composite targets are given in Fig. 4.9. Based on the previous analysis 
of p-Raman spectra of nanostructures for the two materials systems and the above 
argument on the features of absorption speetra, as deposited pure nanostruetured carbon 
are expected to display a broad absorption tail due to their more sp^ like nature while the 
Ni alloyed carbon nanostructures should display Urbach-like and Tauc-like regions. Sueh 
features for the two different materials system are indeed observed from the optical 
transmission spectrum in agreement with the conclusions made from the p-Raman 
spectra.
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Fig. 4.9 Optical transmission spectra of nanostructured carbon deposited through PLA of a) the HOPG 
target and b) the mixed C/Ni target. While a broad absorption edge is observed for a), an Urbach-like and 
Tauc-like regions are observed for b).
For amorphous nanostructures, the estimation of the optical gap is usually carried out 
based on two techniques: the Tauc plot [28] or estimation of the Eq4 gap [29]. In the Tauc 
plot, the optieal gap (also called the Tauc gap) is obtained between parabolic extended 
states based on the following formula[30]:
{ A E f= B { E - E ) (4.4)
where A is the optical absorbance at a photon energy of E, Eg is the Taue gap and 5  is a 
constant. The Eq4 gap is defined for (ideally) fully sp^ semiconductors at the photon 
energy where the absorption coefficient is 10'  ^ em '\ Furthermore, in order for accurate 
estimation of the Eq4 gap, a knowledge of the reflected fraetion needs to be measured. 
Therefore, the optieal gaps diseussed in this work for the Ni alloyed earbon 
nanostructures have been estimated using Tauc’s relationship (4.4) [Fig. 4.10].
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Fig. 4.10 The Tauc plots from the optical absorption data for the carbon nanostructures deposited using the 
mixed C/Ni target.
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For analysis of the trend of the optical gaps of the undoped nanostructures, the HLa 
(which according to (4.1) is linearly proportional to the optical gap) based on p-Raman 
spectra data is used. A comparison of HLa (derived from Raman spectroscopy) with p{Ai) 
for the HOPG and C?Ni target deposited samples as well as the variation of the HLa and 
the Tauc gap with Ni at. Content is given in Fig. 4.11.
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Fig. 4.11 a) The inverse of sp^ cluster size (which is proportional to of nanostructures deposited through 
laser ablation of HOPG (pure C) and C/Ni targets, b) The variation of the inverse of sp^ cluster size and 
Tauc gaps of nanostructures deposited through ablation of the C/Ni composite target against the Ni at %. 
The proportionality constants for (4.4) are 123, 122, 139 and 114 eV^^  ^ for 5, 40 100 and 340 mTorr 
respectively.
From analysis of the HLa ~ />(Ar) plot for HOPG deposited nanostructures, a decrease in 
the optical gap corresponding to the formation of more localized n states with increasing 
/?(Ar) is observed. The more localized nature of the cluster assembled system is likely to 
explain the poorer charge transport properties in comparison to the smooth films). 
Although the C/Ni ablated films display similarly low HLa values, the Tauc gaps are 
observed to be small in comparison to values reported in the literature [31]. As the trend 
of the HLa and the Tauc gap plots are observed to decrease with increasing Ni at. % [Fig. 
4.11 b)], it can be inferred that the lower optical gap is due to the reduction of the
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bandgap as a result of the introduction of new energy states as a result of Ni alloying. A 
feature of interest is the especially low bandgap for the p(Ai) = 5 mTorr Ni incorporated 
nanostructures indicating the possibility of employing this for applications requiring 
highly conductive films that display the physical attributes of DLC.
4.2.6 Non-congruent material transfer
One of the factors that is deemed to make PLA a unique film deposition technique over 
other methods is the congruent material transfer process during the ablation of 
multicomponent targets [2, 32]. However, there also have been reports indicating the non- 
congruent materials transfer due to different angular distributions of elements with 
differing atomic weights in the target [33]. An understanding of the material transfer 
process (i.e. whether the transfer is congruent or non-congruent) is considered to be 
extremely important in explaining the observed electrical properties as well as for an 
improved understanding on the growth of nanostructures such as carbon nanotubes 
through laser vapourisation.
Spatially resolved EDXS carried out on C/Ni nanostructures deposited under background 
pressures in the range of p(Ai) = 5 -  340 mTorr is given in Fig. 4.12 (the x, y, z directions 
discussed correspond to the horizontal and vertical directions in the plane of the target or 
the substrate and z direction corresponds to the direction normal to the substrate). EDXS 
is used here as a tool for elemental analysis due to the relative ease with which qualitative 
if not quantitative information can be obtained regarding the material transfer process.
74
a) ' i
-U4
Fig 4.10 The spatially resolved EDX spectra for a) p(Ar) = 5 mTorr, b) p(Ar) = 40 mTorr, c) p(Av) = 100 
mTorr and d) p(Ar) = 340 mTorr C/Ni nanostructures. A significant increase in the Ni fraction (at. %) is 
observed compared to the target.
The spatially resolved EDXS analysis across a large-area deposition shown in Fig. 4.12 
indicates a non- congruent material transfer process. Furthermore, it is observed that the 
non- congruent nature of the films is weakly position-dependent with a pronounced 
enhancement in the Ni content along the normal to ablation spot on the target surface. 
Furthermore, the spatial variation of the Ni content is observed to be less along the 
vertical (y-axis) direction compared to the horizontal (x-axis) direction which is most 
likely due to the elliptical laser spot shape and the resulting energy distribution on the 
target. Approximate values for atomic percentages of C and Ni as calculated from 
measured EDX spectra at the point of the substrate which is in line with ablation spot on 
the target (0,0,6cm) without any ZAF corrections (Z -  atomic number, A -  absorption and 
F -  fiuoroscence) are given in Table 4.1.
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Table 4.1 C and Ni content (in at. %) as determined by EDXS for the films deposited by PLA of the mixed 
C/Ni target at differentp(Ar).
j9(Ar) /mTorr C content (at. %) Ni content (at. %)
N/A (target) 80 20
5 48 ± 4 52 ± 4
40 57±1 43 ±1
100 61 ± 2 3 9 ± 2
340 54 ± 2 46 ± 2
In scientific literature, the ablation yield during the nanosecond PLA of targets has been 
successfully modelled considering the thermal behaviour of the target during the ablation 
process [34-35]. Using a simplified model where the ablated volume is thought to consist 
of a volume of graphite (p -2 .1  gcm'^) placed adjacent to a volume of Ni (p ~ 8.9 gcm'^), 
a C:Ni volume ratio of -3.5:1 is required in order to achieve an atomic ratio of 80:20 on 
the target. Taking the thermal diffusion depth (L) for each species to be given by
L = -yj2DT 04 5)
where D is the thermal diffusion coefficient and t  is the pulse duration of the laser (25 
ns), a thermal diffusion depth of 480 nm for graphite and 970 nm for nickel are obtained 
(considering a bulk diffusivity of graphite to be 0.046 cm^s'^ in the c-axis direction [36] 
and 0.19 cm^s'^ for bulk nickel [37]. Here the bulk diffusivity for carbon has been taken in 
the c-axis direction assuming that the carbon content in the mixed target to be pyrolytic in 
nature). As this corresponds to a 2:1 atomic ratio of ablated material, it is evident that 
theoretically obtained values do not match the experimentally observed values from the 
EDX (assuming no back deposition). However, if the thermal diffusivity of carbon is 
reduced from 0.046 cm^s'  ^ to 0.0065 cm^s'\ the theoretically obtained values are 
observed to approximately match the experimentally observed values. A lower ablation 
yield for carbon due to reduction of the thermal diffusivity can be explained if the 
carbonaceous volume in the target is porous in nature. An SEM image of the C/Ni target 
indicates a porous structure for the carbonaceous volume (Fig. 4.13) which is most likely 
due to techniques employed for the preparation of the target (powder mixing method) and 
thereby leading to a lower carbon yield.
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Fig. 4.13 SEM images of the mixed target at low (a) and high (b) magnifications. The target is porous, with 
identifiable graphite and nickel regions.
Despite the ability to explain the non- congruent material transfer based upon the above 
mechanism, an alternate explanation for the observations made can be the back deposition 
of Ni due to differing momenta of the carbon and Ni species in the plume. Such a back 
deposition process can lead to a highly Ni rich surface resulting in an (gradual) increase 
of the Ni content in the plasma plume during subsequent ablations. EDXS analysis of the 
track formed during the ablation process has indicated a Ni at. content of ~ 76% 
indicating that such back deposition of material can indeed play an important role in the 
non-congruent material transfer process. Another possible explanation for the non- 
congruent transfer observed in the films is a larger angular spread for the ablated C 
species in comparison to the Ni species. However, this explanation is not supported by the 
spatially resolve EDXS spectra given in Fig. 4.11 which indicates only a slight variation 
of the C:Ni ratio over a distance of 30 mm in the x-direction and 20 mm in the y -  
direction. Hence, the Ni enrichment of the target surface over the ablation period is 
considered to be the dominant factor contributing to the increased Ni fraction observed in 
this work. The transfer of material at differentp(Ar) will be discussed in section 4.2.8.
4.2.7 Charge transportation in Ni alloyed nanostructured carbon
Alloying of carbon through the incorporation of metal or metal oxides is of special 
interest due to its possible application in superhard coatings, catalysis and magnetic 
media [38]. Due to the range of morphologies investigated in this work, a better 
understanding on the variation, enhancement and mechanism of charge transport
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properties are of extreme importance for further investigations on possible applications 
for these nanostructures.
Generally, for discussions on electrical properties of a material, the conductivity of a 
material is used. In the case of cluster-assembled material, Bruzzi et al. [14] have 
employed a mean value of conductivity based on the following relationship:
1 ^cr) = — jcr(x)c6c = L
ahR
(4.6)
Here, L is the channel length, a and h are channel width and average film thickness 
respectively with R being the film resistance. However, considering the fact that the 
nanostructures studied in this work consists of “fibrils” that vary from a few hundred 
nanometres to several microns, an analysis of current (7) at a given voltage (1^ is 
preferred over the averaged conductivity. In Fig. 4.14 b), an analysis based on the 
variation of the current at 4 V against /?(Ar), under both as deposited and annealed (573 
K) conditions for the Ni alloyed nanostructures is displayed.
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Fig. 4.14 a) A scanning electron micrograph of a deposition carried out at (Ar) = 340 mTorr using the C/Ni 
target indicating the formation of fibrils of several hundred nanometers. Inset: an image of a similar 
structure grown at the edge of a Si wafer is also shown (The scale bar is 500 nm). b) The I  vs p(Ar) plot for 
C/Ni nanostructures under as-deposited {T = 303 K) and annealed (T = 573 K) conditions.
In previous reported work by Henley et al. [1], p(Ar) = 40 mTorr was noted to be the 
background pressure (of Ar) at which the self assembly of nanoclusters is initiated upon 
PLA of HOPG with nanostructures entirely consisting of carbon nanoclusters being 
formed at j?(Ar) =100 mTorr [1]. As a similar structural trend was observed for the Ni 
alloyed carbon nanostructures, a decrease in the electrical properties is expected due to
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the formation of smaller clusters which limit the sp^ size leading to localization of 
charges. From the temperature-dependant electrical properties of the as-deposited, Ni- 
incorporated nanostructures, it can be observed that upon the initiation of cluster 
assembly, the electrical properties decrease by -3 orders of magnitude followed by a 
saturation period upon achieving a completely cluster-assembled structure at />(Ar) =100 
mTorr and above. The conductance (G) of the as-deposited nanostructures is found to 
follow an exponential relationship with p{Ai) of the form:
G = Goexp[p(Arf-^] (4.7)
(where Go is a constant) indicating a charge transport that is dominated by the 
morphology. However, a significant enhancement in the electrical properties is observed 
irrespective of the morphology upon thermal annealing at T = 575 X which can be 
approximated by an inverse relationship between conductance and />(Ar):
G = G,[p(Ar)]-‘ (4.8)
where G; is a constant. Due to the near similarity in the conductance upon annealing, as 
well as the high Ni at. fraction in these nanostructures, it is assumed that the annealing 
process leads to a graphitization behaviour (as was observed through p-Raman 
spectroscopy) that assists in the charge transfer process between Ni clusters.
In order to elucidate the charge transport mechanism in the diamond-like as well as the 
highly cluster-assembled carbon nanostructures, temperature-dependant charge transport 
analysis as well as room temperature field emission measurements were carried out.
The conduction mechanism for both doped as well as undoped DLC is an area which has 
been actively investigated and is usually explained through a contact or bulk limited 
transportation [39]. Variable range hopping [40], Poole-Frenkel hopping [21, 41-42], 
Schottky barrier lowering [41], space charge limited conduction (SCLC) as well as 
semiconducting behaviour [43] are among the commonly reported charge transport 
mechanisms for smooth DLC films. A proper study on the charge transport mechanism of
nanostructures requires an understanding of the temperature-based as well as voltage
dependency of charge transport in order to eliminate transport mechanisms that show 
similar trends for temperature or voltage dependence.
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Four probe temperature-dependant electrical characteristics carried out for the p(Av) ^  5 
mTorr thin films deposited through PLA of the C/Ni target are shown in Fig. 4.15. From 
the V-1 measurements (Fig. 4.12 a)), an enhancement in the conductivity is observed as 
the temperature is increased indicating the possibility of a thermally-activated transport 
mechanism, especially at T> 200 K while the thermally activated behaviour appears to be 
weak for T<200 K suggesting different charge transport mechanisms under different 
temperature regimes. This is clearly evident in the conductivity ((j(T)) [normalized to 
conductivity at 50 K(a(50 K))] at an applied field of 1.6 x 10  ^Vem'^ (0.8 V) plot and its 
derivative (which indicates the activation energy) plot given in Figure 4.12 b). From the 
derivative plot, it is confirmed that the charge transport is governed by a thermally 
activated conduction mechanism (in the high temperature regime above 200 K with an 
activation energy of -40 -  50 meV) as well as a temperature-independent charge transport 
mechanism (below 200 K with a negligible activation energy of -  2 meV).
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Fig. 4.15 a) The temperature dependence of current-voltage characteristics studied by sourcing a current in 
the temperature range of 50 -  292 K. b) The temperature variation of conductivity and the variation in the 
activation energy at a voltage of 0.8 V within the above mentioned temperature range.
In order to obtain a better understanding of the charge transport mechanisms involved, an 
analysis of the electrical characteristics under different temperature regimes was studied 
separately. For the high temperature regime (>200 K) mentioned above, the temperature 
dependence of the electrical characteristics for different temperature relationships at a 
fixed voltage of 0.8 V are given in Fig. 4.16.
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Fig. 4.16 the variation in conductivity for the Ni-DLC system studied under different power laws of 
temperature: a) I/'f- - l/T  b) a~l/T  and c)
As mentioned previously, in the traditionally employed bulk dominated electrical 
conduction mechanisms for DLC, the charge transport has been explained through a cr ~  
l/j,i/4 variable range hopping), Ina ~ 1/T (for Poole-Frenkel hopping) or even cr ~  7^  
(trap assisted SCLC) as well as using the Schottky emission mechanism following an
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ln(I/T^) ~ 1/T relationship. In the (I/t^) ~ I/T  curve in Fig. 4.15 a), a linear behaviour 
(with coefficient of regression that is approximately 1) is obtained in accordance with the 
temperature dependency of the Schottky emission behaviour as given by [39]:
J  = A * e x p (4.9)
Where
In the above, J is  the current density, is Richardson’s constant, Oo is the barrier height 
in the absence of an external field, E  is the applied field T  is the temperature, e is the 
charge of an electron and e is the permittivity of material. In addition to the above 
mentioned linear inverse temperature-dependant behaviour, charge transport based on 
Schottky Barrier lowering also requires a non-linear characteristics. However, the 
linear nature (or lack of a J  oc exp(-F) of the I-V  characteristics excludes Schottky 
emission as a possible charge transport mechanism.
Linear fits for Ina ~ 1/T and Ina ~ {l/T)^'^ [Fig. 4.16 b) and c)] were also studied and a 
coefficient of regression that is almost 1 was obtained. While a positive activation energy 
is observed, the calculated value the low activation energy of -40 -  50 meV together with 
the linear nature of / - L  suggests a metal-like conduction in the high temperature regime 
governed by the relationship:
J  = o-Q^expj^- (4.10)
where ao is a constant, E  is the applied field and Ea the activation energy. The Ohmic 
nature of the Ni alloyed p{AT) = 5 mTorr film in the high temperature regime can be 
traced back to the high Ni at% of -52% in these films as previously observed through 
EDXS. The metal-like transport behaviour together with their scratch resistant nature 
indicates the possibility of using these films as an electrode material for device 
applications in an equal context with other carbon nanostructures such as graphene and 
carbon nanotubes, which require more controlled high-temperature gro’wth techniques.
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Having understood the high temperature charge conduction mechanism, the low 
temperature conduction mechanism which is not thermally activated is now analyzed 
based on the F~/characteristics (Fig. 4.17).
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Fig. 4.17 Temperature dependant current-voltage characteristics for the low temperature regime of the Ni 
alloyed p(Ar) = 5 mTorr film.
From the V~I eharacteristics displayed in Fig. 4.17, a linear V-1 behaviour is evident. 
However, unlike for the high temperature regime, due to the non-activated nature of 
conduction, the origin of charge transport at these low temperatures is most likely to be 
quantum mechanical in nature. Quantum tunnelling of charges can be modelled through 
potential barriers of different shapes such as for square, triangular as well as trapezoidal 
[44]. If the potential barrier takes either a triangular or uniform trapezoidal form, a linear 
behaviour is expected for ln(l/V^)~ 1/V while a linear behaviour for ln(ln(l/V^)- 1/V is 
expected for a non-uniform trapezoidal barrier. Analysis of the above trends (Fig. 4.18) 
does not indicate a linear behaviour indicating that the potential barrier present is neither 
triangular of a trapezoidal. However, as a linear nature is observed for the 1-V 
characteristics (Fig. 4.17), it is suggested here that the charge transport is likely due 
quantum meehanical tunnelling of charges in the Ni clusters through a square potential 
barrier created by the carbon matrix [44]. The conduction mechanism for such as system 
is described by the relationship:
J  = (7qE (4.11)
f  2w r -  —where cTq = —  exp
47rh^w V h
(4.12)
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with q being the electric charge, 0^ the energy barrier for tunnelling, w the barrier width, 
m the mass of the electron and h, the Dirac’s constant and the J  -  V characteristics 
expected according to this model corresponds to the /  ~ V characteristics observed for the 
low temperature regime.
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Fig. 4.18 a) (I/V^) ~ (1/V) and b) ln((l/V^))) ~ (1/V) analysis for different tunnel barriers for ^(Ar) = 5 
mTorr thin film at T < 175 K.. The y-axis in both plots is in log scale. The expected linear behaviour for 
triangular and trapezoidal barriers is not observed.
The charge transport mechanism within the observed temperature range of 50 -  292 K 
can therefore be summarized as follows:
( -  E //  = CTi£exp ^ ct^ E (4.13)
where (4.12) reduces to (4.9) for T > 200 K  and to (4.10) for T < 200 K.
Based on the above model, at sufficiently low temperatures, the carbon coating 
surrounding Ni clusters leads to a tunnel barrier through which the electrons in Ni are 
forced to tunnel through in order to reach a Ni cluster in the vicinity. Upon increasing the 
temperature, the inclusion of Ni leads to the introduction of more charges into the p(Ar) = 
5 mTorr films due to the very low activation energy (~40 -  50 meV) of the material 
leading to a system that displays properties of a very good electrical conductor.
The valence band spectrum and the secondary electron cut off edge for work function 
assessment obtained through ultraviolet photoelectron spectroscopic analysis for the Ni- 
DLC film are given in Fig. 4.19. Previous valence band studies carried out for amorphous 
carbon-Ni interfaces have revealed that the presence of Ni leads to a broad peak due to
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the 3(f band of Ni at ~ 1 eV below the Fermi energy {Ep) even under low at. % of Ni such 
as 10% [45]. Analysis of the valence band spectrum studied in this work however does 
not clearly indicate the presence of Ni although a low count (<100) is observed closer to 
the Fermi level (binding energy = 0 eV). One possible explanation for such a low count 
can be explained through the presence of a carbon matrix. According to the universal 
curve, the mean free path for electrons within the energy range studied in this work lies 
well below 2 nm [46] Hence a carbon coating of similar dimensions is considered to be 
sufficient for attenuation of the Ni signal preventing a proper analysis on the presence of 
Ni using valence band spectroscopy which happens to be a surface characterization 
technique. This hypothesis is further supported by the observation of a high Ni at. % in 
[47] using EDXS analysis which has the capability to probe a bulk volume.
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Fig. 4.19 The valence band spectrum of a) p{Ar) = 5 mTorr and b) work function measurement under a 
biasing of 5 V.
Analysis of the secondary electron cut off of the ultraviolet photoelectron or valence band 
spectrum indicates that the Ni alloyed p(Ar) = 5 mTorr nanostructure has a work function 
of -5.3 eV which is comparable to metals such as Au or Pd [48]. Furthermore, a simple 
analysis of sheet resistance based on the above four probe measurements reveals a value 
of -  4 kQ/D which although is not as low as for metal films where sheet resistance is 
significantly less than 100 D /0, is still comparable or better than values reported for 
carbon nanotubes and graphene [49-51]. indicating the potential of this system for use as 
a robust electrode.
Having analyzed the charge transport through the Ni incorporated p{Ax) = 5 mTorr 
nanostructures, attention is now focused towards understanding the charge transport
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mechanism through the p(Ar) = 340 mTorr Ni alloyed nanostructure. Previously, the 
Ohmic nature of electrical properties of the cluster-assembled nanostructures were 
discussed. Furthermore, p-Raman spectroscopy also indicated the highly amorphous 
nature of the carbon content. In pure carbon cluster-assembled films, the structure of an 
individual cluster maybe represented by a core-shell system with an sp^ rich core and an 
sp^ rich shell [13]. In the presence of Ni, this system maybe modified to a Ni core 
surrounded by a shell of sp^ rich carbon which is then surrounded by an sp^ rich shell. 
Due to the small dimensions of these clusters, the carbon shells are expected to as tunnel 
barriers.
On possible route for investigating quantum tunnelling in such systems is through low 
temperature charge transport measurements. However, the requirement of wire bonding in 
order to access electrodes with very small channel lengths was observed to impede the 
deposition of a continuous film preventing charge transport studies using this technique.
An additional technique that can be employed to observe any room temperature quantum 
transport processes in a nanostructure is its field emission behaviour [52-53]. 
Traditionally, the field emission behaviour of a material is analyzed based on the Fowler- 
Nordheim (F-N) mechanism which is based on the decrease of the surface barrier width 
due to an externally applied field allowing the tunnelling of electrons from the bulk to the 
vacuum. The F-N  mechanism in its most simple form is given by [39]:
J x E ^ e x J - ^  (4.14)
where J  is the current density, E  is the applied field and A is a constant. Therefore, if  a 
nanostructure obeys the F-N  mechanism, the ln(I/E^)-l/E  should display a linear trend. 
However, in dielectrics incorporating metal clusters, a breakdown of the F-N  mechanism 
has been observed [54] which has been attributed to quantum mechanical effects such as 
negative differential resistance or Coulomb blockade. Furthermore, similar field emission 
measurements have been reportedly used in order to observe quantum transport properties 
such as negative differential resistance in amorphous carbon quantum wells [55] making 
field emission an attractive technique for charge transport studies.
The field emission measurements carried out using as-deposited Ni incorporated p(Ar) = 
340 mTorr cluster assembled nanostructure based on a plane-to-cone configuration at a
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spacing of ~ 130 pm for 5 consecutive cycles are given in Fig. 4.20. Although the 
ln(I/E^)-l/E characteristics change over several cycles, the observation of step like 
features is evident at almost the same 1/E in all emission scans and indicates that the field 
emission behaviour is no longer governed by the F-N mechanism. A similar step-like 
feature has been previously reported by Tsang et al. [56] for Co nanoclusters incorporated 
into a dielectric Si02 matrix which was attributed to Coulomb blockade. As the 
amorphous carbon layers present in the system can be considered to be of dielectric 
nature, it is speculated that a similar mechanism dominates the intercluster charge transfer 
which can explain the poor electrical properties of the as-deposited cluster-assembled 
films despite a Ni atomic content in excess of 40%.
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Fig. 4.20 a)The emission current-Applied field characteristics for 5 consecutive cycles and b) the F-N plots 
for the same cycles. Plateaus (indicated by arrows) in the emission current are observed indicating a 
deviation from the classical F-N behaviour which is attributed to Coulomb blockade.
4.2.8 Plume dynamics of HOPG and C/Ni target ablation through OES
Previously, based on EDXS analysis as well as charge transport properties of the Ni 
alloyed carbon nanostructures, a non-stoiehiometric material transfer was proposed in 
order to explain the observed electrical characteristics. One tool that can be employed in
The discussion on the plume dynamics is based on measurements carried out by Dr James Fryar.
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order to obtain a fundamental understanding of the material transfer upon the laser 
ablation process is optical emission spectroscopy (OES). The following section involves a 
spectroscopic study on the species produced upon laser ablation of the HOPG and C/Ni 
targets.
The OES spectra for PEA of HOPG, C/Ni and Ni targets at 2mm from the target under a 
background pressure of 5 pTorr under F  = 6 Jcm'^, 100 laser shots under a gate width of 
500 ns width data acquisition starting at t = 0 ns and / = 500 ns are given in Fig. 4.21 a) 
and b) respectively. From the comparison of the spectra, it is evident that the optical 
emission for the ablation of the mixed target is swamped by the Ni emission. The peaks 
denoted by “?” do not correspond to either C or Ni plume emissions and are attributed to 
Ca based on emission wavelength, intensity and impurities in the target as listed by the 
supplier.
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Fig. 4.21 Optical emission spectra of graphite, mixed C/Ni, and Ni plumes at 2 mm from the target with a 
gating period of 0 to 500 ns for (a) and 500 to 1000 ns for (b). The spectra have been normalised to account 
for grating, fibre, CCD and neutral density filter efficiencies, and changes in camera gain settings.
In terms of optical emission from carbon species for the C/Ni target, broad emissions are 
observed at 426.7 nm due to 4/; ^F°^3d^; transition of singly-ionised carbon (C )^ and at 
537. 9 nm due to 4p; ^P-^3s; ^P° transition of neutral carbon [57]. The intensities of these 
emission lines during the ablation of a C/Ni target are observed to be approximately half 
and one third (respectively) of that observed during the ablation of a graphite target at the 
same laser fluence. Furthermore, other neutral and ionized carbon lines observed during 
the ablation of HOPG are not evident in the OES of C/Ni ablation, especially the 
characteristic Swan band emission from C2 molecules (cfUg-^c^Uu) [10] and blackbody 
emission at short wavelengths due to C3 [58], small particulates [8] and electron
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Bremsstrahlung. Considering the weak emission observed from the carbon species and 
the SNR of the system, it is highly unlikely that emission intensities less than 20% of that 
observed for the HOPG FLA emission can be observed. While it may be argued that the 
reduction in emission intensity may be due to the porous nature of the target, this does not 
sufficiently explain the species-dependant reduction. A more likely explanation of the 
observed spectrum is the increased formation of ionised carbon due to reduction of 
transmissivity of Ni ablation plumes under 248 nm ablation (which drops to 50% within 
20 ns under F = 6 Jcm'^) [58] and the 3s^P° 2p^S  ^ transition of carbon (247.9 nm) [57]
closer to the excimer laser wavelength used. The combination of these two factors would 
lead to a highly absorbing plume and enhanced ionization of carbon (and in turn enhanced 
emission intensity at 426.7 nm). It is noted that similar observations have been made by 
Pappas et al. [60] upon increasing the laser fluence from 5 Jcm'^to 8 Jcm'^.
In order to identify the evolution of species, spatial and time resolved OES were obtained 
for /?(Ar) = 5 pTorr and 340 mTorr under the same conditions used above (Fig. 4.22).
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Fig. 4.22 Optical emission spectra of mixed C-Ni plumes in p{Ax) = 5 pTorr (a) and b)) and at /?(Ar) = 340 
mTorr (c) and d)). Spectra were taken between 0 and 500 ns [a) and c)] and 500 and 1000 ns [b) and d)] 
after laser arrival on the target. In each case the emission was examined at 2, 7 and 15 mm from the target 
surface.
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Comparison of the OES for p(Ax) = 5 pTorr reveals the short lived nature of the 426.7 nm 
emission (observed only between 0-500 ns gating time up to distances of 15 mm from 
the target indicating a velocity of 30 kms'^). On the other hand, the intensity of the Ni 
emission is observed to increase at 7 mm from the target over a gating period of 500 -  
1000 ns indicating a forward velocity in the range of 7 -  14 km s'\ Therefore, the plume 
observed for a vacuum can be thought of to consist of (at least) two regions: a fast 
moving ionized carbon component and a trailing Ni region.
On the other hand, the p(Ar) = 340 mTorr emission is observed to be stronger even at a 
distance of 2 mm from the target which is most likely due to electron-atom impact which 
has a higher collisional cross section compared to atom-atom collisions [61]. The spectra 
taken over the initial 500 ns are fairly similar to the optical emission spectra obtained 
under p(Ar) = 5 pTorr although an Ar^ emission at 434.8 nm is now visible due to the 
plume-background gas interaction. As the optical emission is evaluated over a gating 
period of 500 -  1000 ns, a weak 0% Swan band together with a neutral Ni emission (589.3 
nm) becomes evident for the p(Ar) = 340 mTorr ablation. The enhancement in Ci 
emission has been attributed to the recombination of carbon atoms, ions or dissociation of 
larger clusters [62]. While the appearance of a relatively intense neutral Ni line indicates 
the possibility of collisions between C2 clusters and the tail end of the Ni distribution, it 
may also be due to the recombination of C atoms to form C2 which requires a third body 
(in this case Ni or even Ar) to stabilize the formation of the clusters.
4.2.9 Plume dynamics of HOPG and C/Ni target ablation through plume 
imaging
Time-gated plume images for the C/Ni ablation obtained for p(Ar) = 5, 40, 100 and 340 
mTorr over 25 laser shots under a 100 ns gate width and a neutral density (ND) filter are 
shown in Fig. 4.23. For p(Ar) = 40 and 100 mTorr, three distinct regions (denoted Rl, R2 
and RS) are observed. Upon increasing the />(Ar) to 340 mTorr, R l and R2 appear to be 
less well resolved due to the plume confinement by the background gas.
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Fig. 4.23 Plume images taken with ND filter at (a) p(Ar) = SmTorr, (b) p(Ar) = 40 mTorr, (c) p(Ar) = 100 
mTorr, and (d) p(Ar) = 340 mTorr. Three distinct plume emission regions are observed for p(Ar) > 5 mTorr 
consisting of a fast, broad component at the front (Rl); a semi-circular band of emission trailing this fast 
region (R2); and a slower component (R3).
Comparison of plume images at 500 and 1000 ns after the laser pulse for p{Ax) = 40 
mTorr using both ND and 345±30 nm band pass filter (for observation of Neutral Ni 
emission lines) reveals that at earlier times, the RS component corresponds to Ni emission 
[Fig. 4.24 a) and b)] while for later times the narrow R2 band can also be attributed as 
being due to Ni [Fig. 4.20 c) and d)], presumably due to collision with Ar. The lack of Ni 
emission in the Rl region indicates this emission as being due to carbon and is consistent 
with the previously suggested model for a fast carbon component and a trailing Ni
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component (section 4.2.6). A trailing C2 component is also observed under higher 
background pressures of Ar.
Neutral Density | b ) Nickel Filter
Neutral Density I ( j)
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Nickel Filter
Fig. 4.24 Neutral density and Ni-filtered images of the C/Ni plume at p(Ar) = 40 mTorr observed at t=500 
ns [(a) and b)] and t=1000 ns (c) and d). The emission region close to the target (R3) and the R2 band (at 
later times) correlates with Ni. The feature indicated by an arrow which is not observed in the filtered 
images is attributed to Q  emission based on its proximity to the target and previously discussed OES.
Despite the successful observation of Ni emissions through the use of an appropriate band 
pass filter, a similar approach was found to be unsuccessful for observation of the carbon 
emissions primarily due to the intense Ni emissions. Observation of carbon emissions was 
achieved by viewing the plasma plume through a 633±2 nm band pass filter which was 
found to weaken the low wavelength neutral Ni emission compared to the 426.7 nm 
emission, especially under p(Av) > 5 mTorr (the band pass filter acts as a neutral density 
filter for the the neutral Ni and 426.7 nm emissions). Comparison of 345+30 nm and 
633+2 nm filtered images under p(Ar) = 5 pTorr at 700 ns revealed a plume component
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in front of the Ni component with a center of mass velocity of ~ 25 kms’^  which is in 
agreement with the velocity estimated for from OES and also with plume emissions 
reported by Geohegan and Puretzky [63]. Therefore, the R l region observed under high 
p{Ai) can be attributed to the collisions between this fast moving component and the 
background gas.
4.2.10 Velocities of plume components and cluster formation
Estimation of the velocities of plume components was achieved through analysis of 
intensity profiles obtained using ND and band pass filtered images. For Ni emission under 
p{Ax) = 5 pTorr, the intensity profile was fitted using a shifted Maxwell-Boltzmann 
distribution while the R2 Ni-Ar collision region was analyzed by fitting two Lorentzians 
to isolate the trailing component and the collision zone. The carbon argon collision under 
high p{Av) was analyzed by considering the emission to consist of carbon-argon, nickel- 
argon and nickel/C2 regions fitted using Lorentzians. For estimation of distance travelled 
by the component, the 633±2 nm filtered images were used. For analysis the position 
of the relevant component was taken to the position of the peak obtained through the 
fitting procedure. The extracted data is given in Fig. 4.25.
b)”a C/Ar Collision (/?))
N/Ar Collision (/?2)
Fig. 4,25 Distance versus time plots obtained using image profile data for plume components under a) /?(Ar) 
= 5 pTorr, (b) p{A.r) = 40 mTorr, and (c) / ’(Ar) = 340 mTorr. Curves in (b) and (c) are fits to the ‘drag 
model’ of plume propagation.
From the above analysis, the velocity of the fast carbon component and the Ni component 
under />(Ar) = 5 pTorr are observed to be ~ 24.7 kms'^ and -6.8 kms'^ (respectively) 
which is in agreement with previously estimated values. Under /?(Ar) = 40 mTorr, the 
carbon-argon collision region is initially observed to move at the velocity of atp{Ax) = 
5 pTorr but then decelerates at times > 1000 ns. The velocity of the nickel-argon 
component (JR2) under jp(Ar) ^ 40 mTorr is observed to be initially -  10 kms'^ although
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the deceleration is less marked than for the carbon-argon region. However, once p(Ar) is 
increased to 340 mTorr both components are observed to move at a velocity of ~ 10 kms'^ 
for times less than 500 ns with a spatial separation of a few mm.
While the shockwave model is normally used for analysis of plume components under 
high background pressures [64], this model was found to be less successful for this 
analysis. The fitting for the above mentioned results for p(Ar) = 40 and 340 mTorr was 
achieved using the empirical drag model:
z = z.[l-exp(-yS4] (4.15)
where z/ is the distance at which the plume pressure matches that of the background 
pressure, p  is the slowing coefficient and t is the time [65]. The best fit parameters are 
given in Table 4.2.
Table 4.2 Fitting parameters of drag model at 40 and 340 mTorr. The target to substrate distance, for 
reference, is -60 mm.
p{Ar) (mTorr) Plume
Component
Z/(mm)
40 C/Ar Collision R l 
Ni/Ar Collision R2
23.98 (± 0.32) 
18.29 (±1.37)
1.31(±6)xI0" 
0.89(± 15)xlO*
340 C/Ar Collision R l 
Ni/Ar Collision R2
13.92 (±0.29) 
13.94 (±1.12)
1.14(±7)%10" 
0.99(± 12)xlO^
In Fig. 4.22 c), the positions of R l and R2 are observed to fluctuate with the latter 
appearing to move in the reverse direction after 2500 ns. This is attributed to 
hydrodynamic instabilities as a result of the plume pressure matching that of the 
background gas which leads to distortion of the plume profile. This is also evidenced by 
plume imaging where additional features are observed at the onset of the hydrodynamic 
instabilities (Fig. 4.26)
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Fig. 4.26 ND filtered images of C/Ni plume at 1600, 2000 and 2400 ns after the laser pulse. A region of 
enhanced emission (intensity) is observed moving backwards (towards the target). This feature is taken as 
evidence of Rayleigh-Taylor breakdown and penetration of the background gas into the plume.
Calculation of mean free paths (1) for C and Ni species (Table 4.3) indicates values 
eomparable to the target to substrate distance at p(Ar) < 5 mTorr. On the other hand, X is 
substantially redueed at higher p(Ar) indicating diffusion as a mechanism for material 
transport. While only a single collision is required for the thermalisation of a C atom 
(upon collision with Ar), multiple collisions are required for thermalisation of Ni. 
Therefore at low jp(Ar) although the carbon is thermalised, there still can exist a 
significant fraction of forward moving Ni. Furthermore, a broader distribution is expected 
for carbon due to the same effect leading to an increased C percentage away from the 
(0,0,6 cm) point. However this is not experimentally supported through the EDXS 
analysis and the observed results can be explained as follows:
1) for p(Ai) = 5 mTorr, both carbon and nickel species have a large forward 
momentum and the C:Ni ratio is only dependant on the relative ablation yield. The 
smooth sp  ^ films formed at this pressure are due to local densification through 
impact of the ablated species with the substrate [10].
2) for p(Ar) = 40 and 100 mTorr, thermalisation of carbon occurs due to collisions 
with the background gas. Although the carbon concentration should decrease in a 
pronounced manner leading to a more Ni rich film, this is mitigated by the 
initiation of Ni diffusion at a shorter distance from the target surface compared to 
C leading to a lower Ni content than observed for p(Ar) = 5 mTorr.
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3) for p{M) > 100 mTorr, both carbon and nickel are thermalized and cluster 
assembly takes place. Under such cluster formation, the C:Ni ratio should 
approach the ablation yield, especially when />(Ar) is increased.
Table 4.3 Mean free path of C and Ni as a function of p(Ar). The mean free path was taken to be l/Tucfriy, 
where ircf is the effective collisional area and «v, the number density of Ar. The background is assumed to 
be at room temperature, with the gas atoms being stationary (i.e. the Ar velocity is taken to be insignificant 
in comparison to velocity of plume components). The radius of carbon, nickel and argon are taken to be 70, 
124 and 71 pm respectively.
Pressure
(mTorr)
Number Density of Argon 
(atoms/m^)
Mean Free Path (C) 
(mm)
Mean Free Path (Ni) 
(mm)
5 1.65x10^“ 97 51
40 1.32x10^* 12 6.4
100 3.29x10^ 4.8 2.5
340 L12xlO^ 1.4 0.7
4.2.11 Surface morphology of ArF laser deposited thin films
The shorter wavelength of the ArF laser compared to KrF lasers suggests the possibility 
of forming nanostructures with physical properties that are different to those deposited 
using the KrF laser making tuning the laser wavelength for material deposition an 
important technique for control of physical properties.
The scanning electron micrographs indicating the surface morphology of thin films 
deposited through 193 nm PLA of the mixed C/Ni target under different p(Ar) in the 
range of 1 pTorr to 340 mTorr are given in Fig. 4.27. As can be observed, these films 
exhibit morphologies significantly different to those obtained by 248 nm PLA, with little 
evidence of cluster formation even at the higher deposition pressures. Attempts to probe 
the electrical nanostructures through bottom contacts with needle probes failed to give 
proper electrical characteristics indicating the more scratch-resistant nature of the sample. 
This is in contrast to the 248 nm pulsed laser deposited nanostructures which were 
electrically characterized through the use of bottom contacts indicating the relatively 
softer nature of the nanostructure deposited using the KrF excimer laser. This simple
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scratch-resistance test suggests that the material deposited by 193 nm PLA is more sp^- 
like in nature compared to the 248 nm deposited nanostructures. Although Ar was used as 
the background gas during film deposition at both ablation wavelengths, the gas flow 
through the chamber differed between the two experiments and so the non-observation of 
discrete clusters in the resulting films may reflect a consequent difference in the diffusion 
dynamics of the ablated species [10]. Furthermore, the formation of more energetic 
species during the laser ablation process as a result of the lower laser wavelength of the 
ArF system (193 nm) [66], might also account for the difference in the observed 
morphologies. The observation of a cracked surface at p(Ar) = 340 mTorr is most likely 
due to relaxation of stresses formed at the substrate/thin film interface.
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Fig. 4.27 SEM images of thin films deposited following 193 nm PLA of the C:Ni target at p{Ar) = (a) 1 
jxTorr, (b) 40 mTorr, (c) 100 mTorr and (d) 340 mTorr. The C:Ni ratios inset in each image indicate the 
atomic percentage of the two elements as obtained through EDX analysis.
As was carried out for the 248 nm PLA of the C/Ni mixed target, the material transfer 
during 193 nm PLA at different />(Ar) by ablation was analysed by LDXS. Spectroscopic
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studies reveal a non-congruent transfer at all experimental values of j7(Ar), as shown by 
the C:Ni ratios (at. %) (inset in the various panels of Fig. 4.24). These Ni at. % are 
consistently smaller than those determined in the same manner for nanostructures grown 
through 248 nm PLA of the same target at the same p(Ar). One possible reason for the 
observed increase in the Ni content with increasing pressure is most likely due to the back 
deposition of Ni during each ablation run. As the target was not subjected to any cleaning 
process for p(Ar) = 40 and 100 mTorr depositions, it is more than likely that back 
deposition can lead to a build up of Ni on the target surface leading to Ni rich film on 
subsequent depositions. The rather low Ni content on the p(Ax) = 340 mTorr thin film is 
most likely due to the target cleaning procedure that was carried out before deposition 
under this background pressure.
4.2.12 p-Raman analysis of ArF laser deposited thin films
The p-Raman spectra of thin films deposited by 193 nm PLA of the mixed C/Ni target are 
given in Fig. 4.28. A point of interest is the blue shifting of the G peak which is due to the 
presence of additional Raman bands (other than the D and G peaks). Analyses of the peak 
positions and FWHMs have been carried out through the use of Gaussian fits. In the case 
of the thin films deposited at 100 mTorr using the above system, an additional peak is 
observed ~ 1450 cm '\ This additional peak can be attributed either to a weak 
hydrogenation of the amorphous carbon during the deposition process or due to the 
presence of finite size graphite crystallites in the structure [67]. Considering the high 
I(D)/I(G) ratio as well as full-width-half maximum of the D and G peaks, the presence of 
finite size graphitic crystals is considered to be the most likely explanation for the intense 
nature of the 1450 cm'^ peak.
Table 4.4 Fitting parameters for analysis of Raman spectra of 193 nm laser deposited thin films
Pressure
(mTorr)
I(D)/I(G) D pos (cm" )^ G pos (cm'^) DFWHM GFWHM
Vac 0.84 1395 1571 75 155
40 0.79 1350 1586 277 164
100 1.75 1337 1589 81 83
340 0.70 1362 1586 129 63
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Fig. 4.28 Raman spectra of 193 nm laser-deposited thin films under a) p(Ar) = 1 pTorr, b) p(Ar) = 40 
mTorr, c) p(Ar) = 100 mTorr and d) p(Ar) = 340 mTorr.
4.2.13 Electrical properties of ArF laser deposited thin films
The I-V  characteristics of the as-deposited 193 nm C/Ni films are displayed in Fig. 4.29. 
Except for the films deposited at the lowest pressure of ~1 pTorr, the rest appear to be 
highly insulating in nature despite the inclusion of metallic nanoparticles. In previous 
work reported by Orlianges et al. [68], the electrical properties of Ni-doped tetrahedral 
amorphous carbon films were attributed to a hopping conduction while Bhattacharyya et 
ah.reported a semiconducting behaviour for DEC films with a Ni content of -10% [45]. 
However, in all of the above, the film deposition was carried out in a vacuum.
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Fig. 4.29 The I-V characteristics of C/Ni thin films deposited under pressures ranging from 1 pTorr -  340 
mTorr with an ArF excimer laser. Both forward and reverse sweeps are indicated for all the plots. The 
electrical properties are noticeably poorer than those deposited using the KrF excimer laser.
Through the analysis of the Raman speetra, it is evident that as the background gas 
pressure is increased, the I(D)/I(G) ratio has increased indicating a higher disorder with 
increasing pressure. The observation of a cracked film at the highest pressure employed 
indicates an inbuilt stress present in the films. These two factors (increasing disorder and 
stress) are most likely to induce charge trapping and scattering that can lead to poor 
electrical properties of the deposited film irrespective of the inclusion of Ni.
4.3 Applications of pulsed laser deposited carbon nanostructures
In the previous section, satisfactory electrical performance was attained for the Ni- 
incorporated p(Ar) = 5 mTorr films and Ni-ineorporated cluster-assembled
nanostructures. Due to the scratch resistant nature and the observed electrical 
characteristics, the smooth films can be employed as an electrode for device applications. 
Furthermore, the expected high surface area for the Ni-alloyed cluster-assembled system 
together with its satisfactory electrical response upon annealing makes it a candidate for
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gas sensing applications. In the following section, investigations in using the above 
nanostructures as electrodes and for gas sensing are discussed.
4.3.1 Pure and Ni-alloyed carbon thin films as electrodes^
Diamond is considered to be an excellent material for radiation detection purposes due to 
its tissue equivalence (Z = 6 for diamond compared to Z ~ 7.6 for tissue) as well as its 
large bandgap of 5.5 eV, and high electron/hole mobility [69]. Current detectors based on 
diamond as the active material however rely upon the use of metal electrodes such as Ft 
which are known to be tissue incompatible and requires a tissue compatible alternative 
such as carbon. In the previous discussion, a highly in-plane conducting nature was 
observed for the annealed, p(Ar) = 5 mTorr thin films under Ni alloying as well as in its 
unalloyed form. In the following sections, the use of similar thin films as electrodes for 
polycrystalline diamond-based X-ray detectors is discussed.
4.3.1.1 Experimental method
The devices studied involved the use of thermal grade polycrystalline diamond polished 
on both sides (Element 6 Ltd.). Prior to deposition, the surface of the active diamond 
channel was oxidized using a mixture of KNO3 (5 g) in 20 ml of cone. H2SO4 at a 
temperature of 573 K for 5 min. This ensures an oxygen-terminated surface that in 
principle allows a low dark current. The treated crystals were then washed with DI water 
followed by acetone, isopropanol and finally DI water.
For the deposition of both the pure and Ni-incorporated smooth carbon, thin films 
deposited using fluences in the range of 4 -  8 Jcm'^ at a repetition rate of 10 Hz under a 
background pressure of 1 p,Torr. The Lambda Physik PLX 210i described above was used 
for the deposition process. For the deposition of electrodes, a fluence of F  = 4 Jcm'^ was 
selected with the deposition being carried out using 3600 laser shots. The sample 
deposited was characterized using p-Raman spectroscopy (Renishaw micro Raman 
system with an Ar"^  laser emitting at 514.5 nm), scanning electron microscopy (FBI 
Quanta 200F environmental SEM) and Energy Dispersive X-Ray Spectroscopy (Oxford 
INC A Penta FETx3). The samples were observed to be highly sp  ^ in nature with the Ni 
incorporated film consisting of -50% at. Ni. During deposition, a shadow mask that
*The measurement of the devices discussed in this section was carried out by Dr M. A. E. Abd-EI Rahman 
and Dr A. Lohstroh, Department of Physics, University o f Surrey.
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consists of three holes with diameters of 2, 4 and 5 mm was used in order to obtain three 
devices on the same active polycrystalline diamond channel.
Upon the deposition of the electrode material, the films were annealed in a thermal 
chemical vapour deposition system at a temperature of 873 K for 10 min in a He 
background (flow rate of 100 seem) in order for partial graphitization of the films. The 
deviees were then mounted onto a printed circuit board (PCB). Au wires of thickness = 24 
pm were connected to the PCB and the electrodes using silver paste (on the PCB) and 
conductive Ag epoxy (on the carbon electrodes).
For device eharacterization, x-rays under dosage rates of 1.5 and 2.45 Gymin'^ generated 
using a molybdenum target based x-ray tube (Oxford Instruments XF50 11) was 
employed. The dose rates were calibrated using a 0.6 cm  ^ ionization chamber and 
electrical measurement performed with a Keithley 487 picoammeter. For each bias 
voltage, a registration time of 30 s was used in order to register the equilibrium current. 
The deviees were also pre-irradiated with a dose of ~ 10 Gy prior to taking 
measurements.
4.3.1.2 Selection of pure and Ni incorporated carbon thin films
Initially, thin film deposition was carried out at F  = 6 Jcm"  ^ onto glass substrates. 
However, stress relaxation-induced peeling was observed for these thin films thereby 
preventing the use of films deposited under the above fluence. For subsequent attempts, 
deposition of the films was successfully achieved under F  = 4 Jcm'^ without any evidence 
of peeling off.
In order to select a suitable thin film that displays sufficient charge transport properties, 
carbon thin films with varying Ni at. content from 0-50% were deposited through ablation 
of an HOPG target, C/Ni composite target (with C:Ni 80:20 at. fraction) and by co­
ablation of the HOPG target with a piece of the 80:20 C/Ni composite target.
EDXS studies carried out for estimation of the Ni content in the C/Ni films confirmed a 
high Ni fraction of -50% at. content when deposited under a vacuum through the ablation 
of the composite target indicating physical properties that are very much similar to the 
films deposited under 5 mTorr of Ar. However, lower Ni fractions of 5 and 10% were 
observed through the co-ablation process. Representative EDX spectra of the Ni-alloyed
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thin film deposited through PLA of the 80:20 C/Ni target and through the co-ablation 
process are shown in Fig. 4.30.
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Fig. 4.30 EDX spectra of a) Ni-alloyed carbon film deposited through PLA of the 80:20 CiNi target with a 
high Ni at. % (-51%) and b) Ni incorporated carbon film with low Ni at. % (-10%). The C and Ni Ka 
lines are indicated on the spectrum. The high intensity peak -  -0.5 keV is the contribution from oxygen. For 
estimation of the Ni at. %, the contribution from oxygen was not considered.
In order to assess the electrical properties of the thin films, the sheet resistance of the 
deposited films was estimated using the transmission line technique based on
Rj^  -  2R(. + R^ (4.16)
where Rt is the total resistance measured, Rc is the resistance at the two contacts, Rs the 
resistance of the thin film with L & W being the channel length and width respectively. 
For the measurements carried out here. Au dots were sputtered onto the thin films to form 
an array of top contacts (Fig. 4.31 (inset)). As was observed for the films deposited using 
F=6 Jcm'^, linear I-V  characteristics were observed indicating the formation of Ohmic 
contacts.
The variation in the sheet resistance of the as-deposited thin films with varying Ni 
fractions is indicated in Fig. 4.28). The sheet resistance at lower Ni fractions (5 -  10%) is 
observed to decrease by only 1-2 orders of magnitude compared to the pure carbon film. 
On the other hand, Rs is observed to decrease significantly (by ~6 orders of magnitude) 
with 51% at. content of Ni indicating the formation of a percolated network of Ni which 
dominates the transport properties in the film.
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Fig. 4.31 Variation in the sheet resistance with increasing Ni at. content. Metal like behaviour is observed 
when the Ni fraction is increased up to -51% (at. content). A schematic of the device architecture used for 
the transmission line measurements is also shown.
Further structural analysis carried out on the F  = 4 Jcm’^  undoped films through p-Raman 
spectroscopy (Fig. 4.32) indicated a diamond-like nature with a very weak D peak. 
Thermal annealing was attempted in order to graphitize these thin films with the aim of 
enhancing the charge transport properties. Although the temperature used in this work 
(-873 K) is still relatively low compared to the values required to achieve significant 
graphitization, a strong D peak was observed upon annealing indicating better ordering of 
the graphitic clusters in the pure />(Ar) = 5 mTorr nanostructure. The G peak positions of 
the as-deposited and thermally-annealed pure carbon film are given in Table 4.5.
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Fig. 4.32 p-Raman spectrum of pure carbon thin films under as-deposited (black line) and upon thermal 
annealing (red line) at 873 K. A clear enhancement in the D peak is observed indicating the graphitization 
of the thin film.
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Table 4.5 D and G peak positions and the G peak FWHM of the as-deposited and annealed carbon thin 
films. The shift in the G position to -1580 cm'  ^ upon annealing and the reduced G FWHM indicates 
graphitization.
D pos (cm'^) G pos (cm"') GFWHM
As deposited 1350 1550 1 0 0
Annealed at 873 K 1385 1580 70
4.3.1.3 Performance of pure and Ni-incorporated carbon thin films as electrodes
For testing of pure and Ni incorporated smooth thin films of carbon as electrodes for x- 
ray detection, films were deposited onto polycrystalline diamond through a shadow mask 
based on a sandwich architecture. The use of a shadow mask allowed the fabrication of 3 
devices on the same substrate with the same electrode material. A schematic of the device 
architecture and an image of the wire-bonded device are given in Fig 4.33.
Carbon eiec
IKne di amend
Fig. 4.30 Final structure of the polycrystalline diamond based X-Ray detector with carbon electrodes on a 
PCB.
The dark and X-ray response of the polycrystalline diamond based X-Ray detectors with 
either a pure carbon film (Poly-C) or a Ni-incorporated carbon film (Poly-C/Ni) measured 
through sweeping the devices in the voltage range of -200 V to +200 V are given in Fig. 
4.34.
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Fig. 4.34 I-V characteristics of the two diamond samples (a) Poly-C (b) Poly-C/Ni both in dark 
conditions and under different dose rates of 1.5 and 2.45 Gymin'\
From the dark characteristics, very low dark currents of less than 25 pA arc observed 
from both devices (within the voltage sweep range used) indicating a high resistance in 
the devices (-10^^ Q at lOOV). The dark current in the Poly-C sample is observed to be 
slightly higher than that of the Poly-C/Ni device which may be most likely due to the 
generation of free charges during chemical treatment carried out on the polycrystalline 
diamond active material prior to electrode deposition. In the case of a pure carbon film, 
the oxygen may serve to donate charges to the electrode material which in the case of a 
Ni incorporated carbon film, the oxidation of Ni would lead to an additional resistance at 
the electrode-active material interface. Furthermore, there appears to be a small 
asymmetry in the characteristics in both devices. Benedetto et al. [70] have attributed 
such an asymmetry as being due to either non-uniformities in the polycrystalline diamond 
surface or variations in the adhesion between the electrode and the polycrystalline 
diamond.
From the response of the devices under X-Ray irradiation in Fig. 4.31, an increase in the 
current with dose is observed corresponding to an increase in the generated charges. The 
generated charges appear to be lower for the Poly-C sample in comparison to the Poly- 
Ni/C sample which is most likely due to charge trapping in the defect states between the 
electrode and the polycrystalline diamond active layer as well as in the electrode material 
itself leading to an opposing built-in field that prevents the extraction of charges.. 
Furthermore, an asymmetry in the photogenerated charges for both the Poly-C and the 
Poly-Ni/C samples is observed. However, the asymmetry observed for the Poly-Ni/C is 
far less than that for the Poly-C sample with the behaviour of the former being
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comparable to that reported for Pt contacts [71]. Considering the signal to noise ratio 
(SNR); i.e. the ratio between the photocurrent and dark current at a given voltage, an SNR 
value in excess of 1000 is observed for the Poly-Ni/C devices compared to a much lower 
SNR in Poly-C devices (SNR in the range of 10 -  100 as previously discussed in 
[72]).The high SNR in Poly-Ni/C is also observed to be of the same order of magnitude 
as for Pt electrodes and satisfies the recommendations of the International Atomic Energy 
Agency for medical dosimetry devices [71] and therefore suggests the suitability of C/Ni 
composites as a tissue equivalent alternative to the traditional metal electrodes for 
radiation dosimetry applications.
4.3.2 Gas sensing with cluster assembled carbon nanostructures
Cluster-assembled carbon are nanostructures with reported specific surface area in the 
range of -400 -  900 m^g'  ^ [13] that can be prepared under low temperature conditions 
compared to other high surface area and highly conductive materials such as graphene 
and carbon nanotubes. Despite the relative ease with which these nanostructures can be 
self assembled, the morphology leads to a poor electrical response with a low signal-to- 
noise ratio preventing its application for high surface area based devices such as gas 
sensors. Previously, it was shown that the electrical response of cluster-assembled carbon 
films can be improved through a two step process: alloying with Ni and thermal annealing 
at moderately high temperatures making them a potential candidate for gas sensing 
applications.
Of the gases that are normally tested for gas sensing applications, NH3 and NO2 are 
considered to be of extreme importance due to the wide use of these gases in a variety of 
environments ranging firom medical to industrial [72]. In the following section, the 
response of the highly clustered assembled film deposited at p(Ar) = 340 mTorr for these 
gases is discussed.
4.3.2.1 Experimental method
The p{Ax) = 340 mTorr Ni incorporated cluster assembled carbon was deposited onto 
Si02 (300 nm)/Si substrates through PLA of a mixed C/Ni target as described in 3.1.3. 
After deposition, the nanostructures were annealed in a tube fiimace at 573 K for 30 
minutes under a He atmosphere.
107
For NH3 sensing, Al electrodes were thermally evaporated at a base pressure of ~3 pTorr 
while a sputtered Au top contact was used for NO2 sensing. For measuring the electrical 
response, a Keithley 2400 source meter in a two probe configuration was used. NH3 
sensing was carried out inside a PECVD chamber (Surrey Nanosystems SNS lOOOn) 
which was initially pumped down to a base pressure of 10 mTorr. The sensing response 
of the material was tested under a flow of Ar (50 seem) and subsequent introduction of 
NH3 [flow rates varying from 5 to 25 seem in an Ar background of 50 seem (equivalent to 
10000 ppm)]. The high NH3 flow rate is primarily due to the minimum flow rates allowed 
in the system. For NO2 sensing. Au contacts were-sputter deposited on top of the 
nanostructure through a shadow mask with 7 mm channel length. The response of the 
system upon exposure to dry air (flow rate of 50 seem) and NO2 (500 ppm in dry air with 
a flow rate of 0.5 seem) was observed using a custom-built chamber.
The response of the nanostructure to humidty was carried out in the same chamber used 
for NO2 sensing. For this set of measurements, the chamber was continuously pumped 
using a diaphragm pump in order to allow the exchange of any absorbed species while a 
high moisture concentration was rapidly introduced into the chamber in order to test the 
response of the device.
4.3.2.2 Response upon exposure to NH3 , NO2 and moisture
For analysis of the response of the cluster-assembled material upon the introduction of 
gases, the response (S) calculated through
Response = * 100% (4.17)
was used with R(t) being the resistance at time t with Rt=^o being the initial resistance.
The response of the annealed Ni-incorporated p{Ax) = 340 mTorr under exposure to NH3 
is given in Fig. 4.35.
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Fig. 4.35 The response o fp(Ar) = 340 mTorr nanostructure upon exposure to NH3 . The chamber is initially 
pumped down to a base pressure of 1 mTorr (at t = 0 min) and the turbo pump has been activated at t = 38 
min in order to observe the desorption of gases.
Prior to observing the response of the nanostructure due to the introduction of NH3 , the 
chamber was pumped down to a base pressure of -  1 mTorr. Ar was subsequently 
introduced as a background. The NH3 was not introduced till the system was observed to 
achieve a stable electrical output. Upon exposure to NH3 (t = 3 min), the material 
indicated an increase in the resistance as was the case when the electrical characteristics 
of the material were measured upon exposure to the atmosphere indicating that NH3 
depletes the system of its charges, thereby increasing the nanostructures resistance. 
Although a reduction in the resistance is observed upon shutting down the NH3 supply, a 
return to the original resistance is not observed. The base line resistance is observed to 
increase upon subsequent exposures to NH3 and is only partially recovered upon creating 
a better vacuum in the system through operation of the turbo pump which leads to a base 
pressure of 1 pTorr in the absence of Ar. It is noted here that there appears to be a 
response when the Ar is turned off and turned on again indicating that the material is 
sensitive to pressure. A similar increase in resistance with gas pressure (even under inert 
gases) has been reported for Mo incorporated cluster assembled carbons by Bruzzi et al. 
which has been attributed to physisorption of gases which is enhanced as a result of the 
high surface area of the material [14]. A significant increase of the resistance is again 
observed compared when a higher NH3 flow rate is employed which supports the previous 
conjecture of charge depletion of the nanostructure upon exposure to gases. Although a 
similar study on the />(Ar) = 5 mTorr Ni incorporated nanostructure was carried out, a
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similar enhancement in the resistance was not observed indicating the importance of gas 
adsorption and on depletion of charges and increased resistance in these nanostructures. 
In addition to the change in the response of the nanostructure upon the introduction of 
NH3, a continuously increasing background (or an increase in resistance can also be 
observed in Fig. 4.31). This increase in resistance is attributed to the improper removal of 
any adsorbed NH3 indicating the need for thermal treatment in order to achieve a proper 
recovery.
In the above, although a noticeable change in response was observed upon the 
introduction of NH3, it is noted that the concentration of NH3 is extremely high (~100000 
ppm). The need for use of such a high concentration was purely due to the lowest possible 
NH3 flow rate of 5 seem allowed by the system.
In order to observe the response of the above material system to a lower analyte content, 
the annealed Ni incorporated p{Ar) = 340 mTorr was tested under exposure to dry NO2 
(500 ppm in dry air, flow rate = 0.5 seem) mixed together with an additional flow of dry 
air (flow rate = 50 seem) or under exposure to air is given in Fig. 4.36. The response of 
the device was tested under the following conditions:
1) Exposure to normal atmosphere (orange dashed line)
2) Exposure to a flow of dry air (500 seem) (blue dashed line)
3) Exposure to a mix of N0% (500 ppm in dry air, flow rate of 500 seem) and dry air 
(500 seem) (green dashed line)
4) Exposure to a mix of NO2 (500 ppm in dry air, flow rate of 500 seem) and normal 
atmosphere (purple dashed line)
The exposure to NO2 was carried out for 1 min.
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Fig. 4.36 The response of/?(Ar) = 340 mTorr nanostructure upon exposure to NO2  (conditions given above). 
The dashed lines indicates the initiation of changes in the condition of the sensing chamber. The duration of 
NO2  introduction was 1 min. Orange line: introduction of normal air (only), blue line, introduction of dry 
air (only) green line: introduction of NO2 in a dry air background and purple line indicates the introduction 
of NO2  in normal air.
Unlike in the case of the previous measurements discussed for NH3 detection, the Ni 
incorporated cluster assembled carbon nanostructure appears to show a decrease in the 
resistance upon exposure to NO2.
The response of graphitic carbon nanostructures such as carbon nanotubes to the two 
analytes studied in this work has been widely reported in the scientific literature [73-74]. 
It is a known fact that NH3 is a reducing agent leading to removal of holes from the 
system through electron donation to the nanostructures while NO2 is an oxidizing agent 
through the removal of electrons in the system [74]. As the resistance is observed to 
increase upon exposure to NH3 and a decrease upon exposure to NO2 in the p(Ai) = 340 
mTorr system studied here, it is suggested that the two different responses are from the 
two different components of the material system.
Generally, graphitic carbon systems are known to be hole-doped upon exposure to air. 
Although not strictly a graphitic system, the carbon clusters can be considered to be 
graphitic in nature, especially considering the graphitisation behaviour observed upon 
annealing from p-Raman spectroscopy. Therefore, the increase in resistance upon 
exposure to NH3 can be simply explained through the introduction of electrons which 
leads to a decrease in the number of holes. The decrease in the response over exposure to 
several cycles is most likely due to the incomplete removal of the adsorbed analytes 
leading to less (available) surface area for further adsorption of analytes.
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In contrast to the above, the oxidizing nature of NO2 would lead to an increase in the hole 
concentration leading to a decrease in the resistance upon exposure to the analyte. The 
decrease in the response of the system over several exposure cycles is most likely due to 
the improper removal of adsorbed analytes after each exposure cycle. This is likely to be 
more detrimental in the case of the NO2 sensing measurements as the flow of air (without 
the aid of a pump) is the only source for removal of the adsorbed NO2.
In addition to the above, an interesting feature observed in the response for NO2 is the 
continuously decreasing background. One possible source of a decreasing background or 
a decrease in the resistance of the nanostructure is through the absorption of moisture 
onto the nanostructure. In order to verify the plausibility of the observed change is 
response as being due to moisture, humidity response measurements of the Ni-alloyed 
cluster assembled nanostructures were carried out in a background of air (Fig. 4.37). 
Initial measurements using a commercially available humidity meter which confirmed a 
humidity level of 34% in the background used while testing for the humidity response 
was carried out through the rapid introduction of air with a high moisture content into the 
chamber.
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Fig. 4.37 The response of the p(Ai) = 340 mTorr Ni- alloyed nanostructure to the introduction of moisture 
in a background of air under continuous pumping. The green line indicates the rapid introduction of 
moisture into the chamber while the regime in which a linear recovery is observed is also indicated for the 
T* exposure cycle (encircled).
Based on the response of the nanostructured device studied above, several features of 
interest are noted: initially, there is a slight increase in the response observed for both
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exposure cycles. This is then followed by a rapid decrease in the response (or an increase 
in the electrical conductivity).
For humidity sensors based on metal oxides, the response is known to be governed by two 
different mechanisms: initially at low humidity levels, the charge transport is governed by 
transfer of charges between individual clusters which is modulated by the adsorbed 
moisture. However, as the moisture content is increased, the charge transport in the 
material is governed by the moisture layer formed on the nanostructure surface.
In the case of the metal-incorporated nanostructure system studied above, the slight initial 
increase in the response (or the resistance) is most likely due to the withdrawal of 
charges in the nanostructure that govern the intrinsic charge transport in the material. As 
the formation of a thin oxide layer is more than likely on the Ni clusters (which is known 
to dominate the charge transport in the alloyed material system studied in this work), any 
adsorbed H2O will be dissociated into and OH' . The presence of OH' can lead to a 
depletion of holes on the NiO and carbon thereby increasing the barrier for charge 
transport between the clusters making the material more insulating leading to the 
observed initial increases in response (or resistance of the system) upon exposure to an 
environment where the humidity level is -60%. However, as the moisture level in the 
chamber is rapidly increased, the prolonged exposure of the nanostructured surface can 
lead to the formation of a continuous moisture layer on the surface which can lead to an 
electrolytic conduction process (along the surface) as opposed to charge transfer between 
clusters, hence explaining the observed significant decrease in response (or resistance).
If attention is now focused on the recovery of the device, it can be observed that the initial 
recovery is linear in nature which is then followed by a non-linear recovery process. 
While the linear recovery is attributed the removal of moisture on the outermost surface 
(which can occur quite rapidly), the non-linear, slow recovery process is attributed to the 
desorption of moisture from the bulk pores. However, it is noted that although a 
significant recovery takes place, the response of the nanostructure to moisture is 
significantly weakened during subsequent exposure cycles with little or no observable 
response by the 3*^  ^ cycle. As the desorption process was not assisted by thermal 
treatment, the observed decrease in the device response is attributed to moisture that is 
not properly desorbed through the pumping of the chamber.
Based on the above observations as well as the continuously varying background in the 
device response, it is evident that although cluster-assembled nanostructures can be used
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for sensing purposes, the high surface area of the nanostructure most likely leads to 
enhanced sensitivity to other gases (and moisture) in the environment which leads to poor 
detection of a chosen analyte, especially under low concentrations also necessitating the 
use of annealing in order to desorb any adsorbed species in order to achieve a satisfactory 
response as well as recovery upon exposure.
4.4 Summary
The deposition of nanostructured carbon thin films with morphologies varying from 
smooth diamond-like films to cluster-assembled structures, through laser ablation of a 
pyrolytic graphite target and a C/Ni composite target has been carried out. Incorporation 
of Ni is observed to lead to an enhancement in the electrical properties compared to the 
pure nanostructured carbon. Thermal annealing at low temperatures (-573 K) is observed 
to lead to a significant enhancement in the electrical characteristics, especially on Ni 
incorporation. Investigation on the charge transport properties of the Ni-alloyed structures 
has revealed a metal-like behaviour for the smooth films and room temperature quantum 
transport properties for the cluster assembled structures. The observed transport 
properties have been correlated with a non-congruent material transfer during the laser 
ablation which is observed to lead to Ni enrichment in the deposited samples. Due to its 
metal-like behaviour, the smooth diamond-like films has been successfully employed as 
an electrode for polycrystalline diamond based radiation detectors where the performance 
has been observed to be compatible to the traditionally used metal electrodes. In addition 
to the above, the high surface area Ni alloyed cluster assembled nanostructures have been 
tested for gas sensing applications. While a response has been observed upon exposure to 
both NHs as well as NO2, the presence of moisture and other gases is observed to be 
detrimental to the device performance requiring a very high concentration of the analyte 
in order for a clear response to be observable over the background due to the other 
adsorbed species indicating the need for thermal treatment for satisfactory response over 
several cycles.
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Ch a p t e r  5  
P u l s e d  l a s e r  a s s is t e d  c o n t r o l l e d  
GROWTH OF Z inc  o x id e  n a n o c r y st a l s
The morphology and size-controlled synthesis of ZnO nanocrystals through 248 nm laser 
heating of liquid phase nanocrystal growth systems are discussed in this chapter. 
Structural properties are analysed through electron microscopy while nanocrystal size 
determination as well as growth rate studies have also been conducted through optical 
characterisation techniques. Finally, the size-controlled ZnO nanocrystals have been 
tested as the channel material for thin film transistors and their response to humidity and 
NO2 is discussed together with the use of these nanocrystals as seeds for ZnO nanorods is 
also discussed.
5.1 Introduction
Semiconducting nanomaterials have attracted strong interest among the scientific 
community due to their potential application in a diverse range of fields. Among these 
nanomaterials, ZnO, a group II-VI semiconductor has attracted special attention due to its 
wide direct band gap (~ 3.37 eV) and large exciton binding energy (60 meV) [1]. Not 
only do such properties allow potential applicability in short wavelength optoelectronic 
devices [2-3], but also as a room temperature UV luminescence source [4]. Furthermore, 
ZnO nanoparticles themselves have attracted considerable attention as quantum dots for 
spintronics [5] as well as for other applications such as gas sensing [6].
Traditionally, the growth of high quality crystalline ZnO nanostructure is achieved 
through chemical vapour deposition, thermal decomposition, thermal evaporation [7-10] 
or pulsed laser ablation [11]. Growth of ZnO nanocrystals based upon such methods 
usually involve maintaining a high temperature within the growth chamber. Despite the 
popularity of these techniques, the dependence of the final nanostructure on the stability 
of process parameters (such as minor temperature gradients during CVD growth) [12] and 
the difficulty of incorporation of such growth techniques (due to the high temperatures 
used) for device fabrication purposes has led to the growing popularity of the solution 
phase synthesis of nanostructures among the research community [13-14]. Despite its 
attractiveness as a low temperature growth technique, one of the disadvantages of the
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hydrothermal growth method has been the long growth durations required to obtain the 
final nanostructures due to slow growth kinetics resulting from low temperatures 
necessitating investigation into growth acceleration of such systems.
5.2. Morphology and size-controlled growth of ZnO nano crystals
5.2.1 Experimental method
The growth of the ZnO nanocrystals for the experimental work discussed in this section 
was carried out using the methods given in section 3.1.4.
5.2.2 Influence of laser fluence and irradiation time
5.2.2.1 Morphological characterization
The effect of the laser fluence as well as the duration of irradiation on the morphology 
was investigated using TEM and a variety of structures produced is depicted in Fig. 5.1.
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Fig. 5.1 Representative TEM images of ZnO seed particles grown with a laser fluence of (a) ITOmJcm'^ for 
5min, (b) 170 mJcm'^ for 15 min, (c) 330 mJcm'^ for 5 min, (d) 330 mJcm'^ for 12.5 min, (e) 390 mJcm'^ 
for 15 min. (f) growth of tripod-like structures at 390 mJcm'^ for 15 min.
At the lowest fluence used (170 mJcm'^), it can be observed that a smaller growth time 
has resulted in the formation of nanostructures consisting mainly of nanoparticles. 
However, an increase of the growth time at the same fluence to 15 min is observed to lead 
to the formation of microrod structures as has been reported in the literature for
119
hydrothermal growth [15]. In comparison to this, the reference samples grown for similar 
durations (Fig. 5.2) show the formation of structures that are initially ''bullet-shaped' for 
lower growth durations which are observed to be converted into a rod-like form (over 
longer growth durations) with a mean size that is significantly greater than that observed 
for samples prepared through laser irradiation.
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Fig. 5.2 SEM images of reference ZnO particles grown for (a) 5 min and (b) 15min.
Increasing the laser fluence up to 330mJcm'^ has resulted in the formation of 
nanoparticles. Unlike at lower fluences, the morphology does not appear to have been 
affected by the growth duration. Analysis of the particle size distribution reveals only a 
moderate increase in the particle size with a 5 min growth resulting in a mean particle size 
o f -15.5 nm and the 12.5 min growth resulting in 18.7 nm particle size. In comparison to 
the low fluence growth, the nanoparticles grown at 330 mJcm"^ seems to indicate a 
narrow size distribution, as can be observed in the histogram presented in Fig. 5.3.
TEM observation of the nanostructures grown at a fluence of 390 mJcm'^ for 15 min [Fig. 
5.1(f)] reveal a richer morphology with the presence of hi, tri and tetra-pod structures in 
comparison to the low fluence irradiation indicating a threshold laser fluence window that 
allows the shape and size-controlled growth of ZnO nanoparticles.
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F ig . 5.3 Particle size distribution curve for ZnO seeds grown with a laser fluence of 330mJcm'^ (a) for 5 
min (b) for 12.5 min.
In order to confirm that the structures observed were indeed ZnO, SAED analysis for the 
nanostructures grown with a fluence of 330 mJcm’^  was also carried out (Fig. 5.4). 
Indexing of the diffraction pattern indicates the formation of ZnO with a wurtzite crystal 
structure. The ring-like pattern observed also indicates that the nanocrystals formed are 
polycrystalline in nature.
1 0 0  n m
F ig . 5 .4  a) Selected area electron diffraction pattern of nanoparticles grown with a laser fluence of 330 
mJcm'^ for 10 min. b) The transmission electron micrograph of the ZnO nanocrystals grown at 330 mJcm"^ 
for 10 min.
S.2.2.2 Optical properties of ZnO nanocrystals
The optical absorption spectra of samples prepared using laser fluences of 170, 330 and 
390 mJcm'^ are given in Fig. 5.5. Analysis of the absorbance spectra reveals several 
features of interest supporting the growth model (discussed later) with perhaps the most
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interesting being the strong absorbanee of the 170 mJcm'^ and 390 mJem’^  irradiated 
samples in the wavelength region of 400 -  700 nm whieh is absent from the absorbance 
spectra of the 330 mJcm’^  sample. This is most likely due to Mie scattering from the 
samples due to a broad size distribution of the particles as has been observed for both the 
170 mJem'^ and 390 mJcm’^  from the TEM images.
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Fig. 5.5 Absorbance spectra of ZnO seed particles (a) grown with a laser fluence of 170 mJcm (b) grown 
with a laser fluence of 330 mJcm'^ (c) grown with a laser fluence of 390 mJcm'^.
The other important features in the absorbanee spectra are the two absorbance peaks in 
the wavelength region of 250 -  400 nm with one feature at 300 nm and the second at 
-355 -3 6 3  nm. The peak at 300 nm is seen to be present in the spectra at lower fluences. 
At 330 mJem'^, the intensity of this peak is seen to be weakened but reappears upon 
increasing the fluence up to 390 mJcm’^ , indicating a possible relationship with the 
growth process. One possible explanation for the 300 nm peak is the presence of NO 3
ions in the system as has been already reported by Mack and Bolton [16]. At the lowest 
fluence of 170 mJcm'^, this may indicate an incomplete reaction. On the other hand, 
photothermal degradation at higher fluences can lead to the formation of Zn^^ and in turn 
Zn(N03)2, again leading to the reappearance of the 300 nm peak. The weak intensity of 
the 300 nm peak at 330 mJcm'^ is indicative of the fact that efficient utilization of the 
reactants has occurred at this fluence for the nanocrystal formation.
An anomalous feature of the absorbance spectra is the broad absorbance peak closer to 
400 nm particularly in the 390 mJem'^ annealed samples. This band whieh is rarely 
discussed in the literature has been thought to be the b hand which also appears in ZnO 
crystals that have been made yellowish through heat treatment in a Zn atmosphere [17].
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Electron or neutron beam irradiated samples are also known to display this band and it is 
thought to be due to the displaeement of Zn atoms into interstitial sites through interaction 
with radiation. Since the growth on this oceasion has been carried out through irradiation 
with high energy photons, the formation of Zrii [18] is possible leading to the observation 
of the aforementioned b band in the absorbanee spectra.
Analysis of the photoluminescence spectra of the samples discussed under absorption 
speetroscopy is given in Fig. 5.6. The speetra indicate a luminescenee peak lying in the 
range of -2.9 -  3.5 eV and a broad peak approximately eentred at -  2.15 eV (the feature 
at -  2.7 eV is due to an optieal aberration from the filters used).
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Fig. 5.6 Photo luminescence spectra of ZnO seed particles (a) grown with a laser fluence of 170 mJcm’^  (b) 
grown with a laser fluence of 330 mJcm'^ (c) grown with a laser fluence of 390 mJcm'^.
One of the important features of the PL spectra is the UV emission peak which lies at 
-3.3 eV, which is in agreement with the values provided in the literature [19]. In all 
photoluminescence speetra, a yellow emission (-576 nm/ 2.15 eV) ean be observed. In 
the literature, the yellow emission for hydrothermally grown ZnO nanostructures has been 
attributed to the presenee of OH’ groups on the surface of the nanostructure [20]. When 
the growth is carried out under laser irradiation, OH' group formation can occur due to the 
photo-dissoeiation of water [21]. At lower Euenees, the growth of structures, each with a 
large surfaee area would mean that there would be a greater tendeney for an inerease in 
the surface area of erystalline surfaces with Zn^^ whieh ean result in the formation of 
Zn(0 H)2. At higher fluences, the thermal breakdown will result in the increase of the Zn^^
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crystalline surface area leading to the observation of this band. The effect of the surface 
area on the yellow emission is most notable in the case of the 330 mJ cm'^ samples where 
the high surface area of the nanocrystals has apparently led to relatively higher yellow 
emission intensity.
5.2.3 Effect of temperature and repetition rate
The optical absorption spectra of nanostructures at a constant fluence of 330 mJcm'^ for a 
temperature range of 303 -  363 K under repetition rates of 2 -  100 Hz are given in Fig. 
5.7.
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Fig. 5.7 Absorption spectra obtained for ZnO nanocrystals prepared at a) 7  = 303 K, b) 7  = 323 K, c) Z = 
343 K and d) T = 363 K for repetition rates in the range of 2 -  100 Hz.
For the samples processed at the lowest temperatures of T = 303 (all repetition rates) and 
323 K (2 and 10 Hz), an additional absorption peak can be observed around 300 nm 
which in the previous section was attributed to residual Zn(N03)2 that has not been 
properly removed from the solution during the centrifugation process. The observation of 
this absorption peak which has an intensity comparable to the maximum intensity of the 
ZnO absorption edge can perhaps be taken as an indication of an incomplete reaction 
during the growth process. An additional feature of interest in the above spectra is the 
observation of a ZnO absorption edge even when prepared at bath temperatures of 303 K.
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This may be considered to be in contradiction to literature reports which indicates the 
requirement of temperatures in the region of 343 -  363 K for the hydrothermal synthesis 
of ZnO using zinc containing salt [15, 22]. However, considering that the pulse duration 
(ns time scale) lasts a considerably longer time compared to the time required for 
chemical reactions to proceed (fs time scale) [23], it is likely that the observed ZnO band 
edge is due to the laser heating of the hydrothermal system which assists in the formation 
of the nanostructures. A low repetition rate would involve a low heat transfer (rate) and 
hence a low nucléation and growth rate while a higher repetition rate would involve a 
more “uniform transfer of heat” (although the pulses would still be -100 ms apart) and 
hence a higher nucléation (and subsequently growth) rate. On the other hand, providing 
external heating would allow the nucléation to occur even in the absence of laser heating. 
Therefore, in the case of external heating, it is likely that the laser heating would play a 
secondary role in the growth process while maintaining an active role in the morphology 
control as discussed.
If the ZnO nanostructures synthesized above are assumed to have parabolic conduction 
and valance band edges, the optical gap of these materials can be estimated using the 
Tauc relationship:
{ A E J ^ { e - E ^ )  (5.1)
where A is the absorbance , E  the photon energy and Eg, the band gap of ZnO. The Tauc 
gaps extracted from the above procedure for samples prepared at T = 323, 343 and 363 K 
are plotted in Fig. 5.8 against the respective repetition rate. From the extracted data, the 
optical gaps of the synthesized material are observed to lie in the region of -3.2 -  3.3 eV 
[18] which corresponds to the bulk band gap of ZnO and indicates the growth of the 
nanostructures with dimensions in excess of twice the Bohr exciton radius of ZnO (-1.8 
nm) [24].
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Fig. 5.8 The Tauc gaps of ZnO nanocrystals prepared under bath temperatures of a) T = 363 K, b) T = 343 
K and c) T = 323 K derived using equation (5.1), Optical gaps in the range o f -3.2 -  3.3 eV are observed 
indicating the bulk-like behaviour of the material.
Since the laser irradiation of nanoparticles is likely to cause structural changes, 
photoluminescence spectroscopy -  a technique that is often used to observe both band 
edge as well as defect-associated radiative recombination can be effectively employed in 
order to indirectly probe structural changes caused during the irradiation process. The 
photoluminescence spectra obtained under an excitation of 330 nm for the samples 
discussed above are given in Fig. 5.9.
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Fig, 5.9 Photoluminescence spectra obtained for ZnO nanocrystals prepared at a) T = 303 K, b) 7  = 323 K, 
c) 7  = 343 K and d) 7  = 363 K for repetition rates in the range of 2 -  100 Hz. The four plots are not drawn 
to the same scale.
From the PL spectra presented in Fig. 5.9, a band edge emission at ~ 380 nm or 3.3 eV is 
observed for all the samples. In addition to the band edge emission, a defect-related 
emission is also observed in the visible region for bath temperatures of 323 K and above. 
While a comparison between absolute intensities between the different repetition rates 
and bath temperatures should yield an idea about the relative ZnO content such an 
analysis is avoided as the ZnO is not dispersible in DI water resulting in the 
sedimentation of nanocrystals (even under the relatively low scan times used to obtain the 
above spectra).
In order to carry out an indirect “qualitative evaluation” on the nature of the nanocrystals, 
the (intensity) ratio between the defect-related peak in the visible region [I(Vis)] to the 
band edge emission intensity [I(UV)] is plotted for different bath temperatures in Fig. 
5.10.
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Fig. 5.10 I(Vis)/I(UV) peak intensity ratios for nanostructures prepared under bath temperatures of a) 7  = 
363 K, b) 7  = 343 K andc) 7 =  303 K.
Observation of the relative intensity plots indicates several interesting trends which can 
be used to hypothesize the evolution of the ZnO nanostructures during the laser 
irradiation process, if the observed visible emission is taken to be due to surface defects in 
the ZnO nanostructures [25-26]. At the lowest bath temperature of 303 K, The 
I(Vis)/I(UV) ratio appears to increase almost linearly for the repetition rates studied in 
this work. At low repetition rates, the amount of ZnO nanocrystals nucleated can be 
thought of to be sufficiently low. Increasing the repetition rate will result in a higher yield 
of ZnO nanocrystals with a concomitant increase in the ZnO surface area and as a result, 
enhancement in the visible emission related defect sites. The enhancement in the 
intensity may be further aided by the breakdown of the nanocrystals through the laser 
breakdown process discussed in the previous section which contributes to an increase in 
the net surface area.
As the bath temperature is increased to T = 343 K and above, a slightly different trend in 
I(Vis)/I(UV) ratio is observed. The ratio is observed to increase up to 40 Hz and then 
decrease once the repetition rate is increased up to 100 Hz. These observations can be
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explained in the following manner: at lower repetition rates (up to 40 Hz) the laser 
irradiation not only supports the nucléation and subsequent growth of ZnO, but also 
causes photobreakdown of the nanocrystals leading to an increase in the surface area. 
However as the repetition rate is increased up to 100 Hz, there exists strong competition 
between the growth rate and the photothermal breakdown rate. If the nucléation and the 
growth rate exceeds the photothermal breakdown rate, a decrease in the net surface area 
occurs due to the formation of larger crystals leading to a drop in the l(Vis)/l(UV) ratio as 
a result of the reduction of surface defect states. The conclusion of larger crystals is 
supported through the higher optical absorption observed in the visible region in Fig. 5.7 
c) and d) at the highest repetition rate of 100 Hz compared to the lower absorption in the 
visible region for repetition rates of 40 Hz or less.
5.2.4 Effect of laser heating on growth rate
For studies on the effect of excimer laser heating on the grovTh rate of ZnO nanocrystals, 
the Zn(0 Ac)2/ NaOH was chosen due to the reported slow coagulation in this system 
compared to zinc salt containing systems such as Zn(N03)2 [27].
In nanocrystalline systems, the optical gap of the material is found to be dependent upon 
the particle diameter until the exciton Bohr radius is achieved. As the nancrystals 
approach the atomic limit, the quantization of energy levels become dominant leading to a 
wider optical gap. However, as the particle size is increased, the optical gap decreases due 
to the formation of energy states leading to a lower optical gap and a red shift in the 
absorption edge. This variation is usually analyzed based on the relationship developed 
by Brus [27] using the effective mass approximation:
(5.2)
where E* is the band gap of a particle of diameter R with a bulk band gap of Eg, effective 
electron and holes masses of me and mn and a dielectric constant of s. For ZnO, the bulk 
bandgap is known to be ~ 3.3 -  3.4 eV [18] which corresponds to an absorption feature at 
-375 nm. With an exciton Bohr radius of - 1 .8 - 2  nm, ZnO should display an absorption 
feature at wavelengths lower than 375 nm for nanocrystals smaller than 3 .6 -4  nm.
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The absorption spectra for the samples prepared by heating up to -338 K prior to laser 
irradiation together with the absorption spectra for the reference sample is displayed in 
Fig. 5.11.
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Fig. 5.11 Shift in absorption edge of the sol-gel system a) without laser heating and b) with laser heating. 
The laser heated system appears to indicate a rapid increase in particle size as observed from the red shift in 
the absorption edge (indicated by the shift in the absorption onset by the red arrow) compared to the growth 
carried out without laser heating indicating the role of the laser as a growth accelerant.
Observing the position of the absorption edge for both the laser irradiated as well as the 
reference samples, it is observed that there is a red shift in the absorption edge 
wavelength over time for both growth systems up to 15 min (the studied time duration). 
The observed red shift combined with the fact that the reaction kinetics for Zn(0 Ac)2 
proceeds slowly relative to other zinc containing metallorganics as well as zinc salts such 
as Zn(N03)2 [27], there is a strong possibility that the nanoparticles synthesized in both 
the reference as well as through laser assistance are in the quantum size regime. This is 
further supported by the red shift of the absorption edge with growth time for both 
systems. Such a shift is most likely an indication of Ostwald ripening process which takes 
place when the reactant concentration decreases below a certain critical value. During this 
process, particles whose dimensions are above a certain critical value continue to grow at
130
the expense of particles that are smaller than the critical size [28]. This in turn leads to a 
red shift in the absorption edge as expected from (5.2). What is interesting perhaps is the 
rate at which the red shift occurs in the two systems studied where a more rapid red shift 
is evident in the case of the laser-irradiated samples compared to the reference. This is a 
clear indication that laser irradiation does indeed speed up the nanocrystal gro^vth over 
and above the photothermal breakdown process occurring simultaneously, as discussed in 
the previous section. In addition to the above, sharp excitonic peaks are also observed for 
the laser-irradiated samples which are less pronounced in the case of the traditional 
growth system. As a sharp excitonic peak is normally considered to be due to the 
presence of a narrow size distribution, it can be inferred that the laser irradiation process 
seems not only to control the size (or grovfth rate) but also the size distribution. Finally, 
as the absorption edges are observed at wavelength < 375 nm wavelength, it is evident 
that the laser can be used for the growth of ZnO nanocrystals with tuned optical and 
electronic properties indicating its potential use in the synthesis of nanocrystals for a 
range of applications.
5.2.5 Proposed Growth mechanism
In the hydrothermal growth of II-VI as well as III-V semiconducting nanomaterials, the 
traditionally accepted view has been that the growth of these nanostructures occurs as a 
result of diffusion controlled “Ostwald ripening” [28]. During the growth of 
nanocrystals, there exists a critical equilibrium size. Particles that are smaller than this 
critical size tend to dissolve while particles larger than the critical parameter grow. When 
the particles are larger than the critical size, growth of the crystals that are closer in size to 
the critical size occur at a rate greater than crystals that are comparably larger than the 
critical size (focusing). However, depletion of the reactant concentration leads to an 
increase in the critical size above the average particle size which results in the shrinking 
of the crystals that are smaller than the critical size (while leading to the growth of 
crystals larger than the critical size). This defocusing effect is known as the Ostwald 
ripening effect. Prevention of such a defocusing effect, for example through rapid cooling 
during the initial stages of the growth can lead to a narrow size distribution [29]. On the 
other hand, it has also been argued that the gro'wth of ZnO nanocrystals depends not only 
on the Ostwald ripening but also on the reaction kinetics which determines the arrival rate 
of the species to the nanostructures for further growth [30] In terms of the morphology of 
the material, a fast continuous gro’wth rate is known to result in faceted rod-like growth
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along the c axis of the crystal. This is because the growth direction is higher along this 
direction, while a slower growth rate has been reported to lead to spherical-shaped 
particles [29]. Other than the above factors, photothermal size reduction of nanoparticles 
is also thought to be a possible mechanism for size control during the laser synthesis of 
nanoparticles as discussed by Inasawa et al. [31].
During the hydrothermal synthesis of ZnO nanocrystals the reaction sequence for the 
growth of the nanostructures using Zn(NO)s and HMTA, is well reported [32] and is as 
follows:
(CHj X N 4 + ôHjO -> 6HCH0 + 4NH, (5.3)
N H j + H j O o N H j + O H -  (5.4)
20H" + o  Zn(OH)j ZnO + HjO (5.5)
Under conventional hydrothermal synthesis of ZnO nanocrystals, the growth and the 
morphology is thought to be determined by the Zn^VOH' ratio, as well as the presence of 
HMTA, HCHO and NH3. While a decrease in the Zn^VOH'ratio leads to the formation of 
narrow nanorods, the role of HMTA is less clear, but together with HCHO and NH3, is 
assumed to adsorb on specific crystalline planes of ZnO influencing the morphology. [32]
From the TEM images in Fig. 5.1, it can be observed that nanocrystals grown with the 
assistance of laser irradiation are considerably smaller in comparison to the reference. 
This can be taken as an indication of the effect of laser irradiation on the growth process. 
There is a strong possibility that in addition to changing the rate at which reactions (5.3) -  
(5.5) proceed, laser irradiation can also affect the morphology of the products through 
photothermal breakdown. The final morphology can therefore be thought of as an 
outcome of two competing processes due to the laser: increased reaction rate against the 
photothermal breakdovm.
From the TEM images for the 170 mJ cm'^ fluence based growth [Fig. 5.1 a) -  b)], it has 
already been discussed that not only is there a broadening of size distribution in the laser 
assisted growth over time, but also reduction in the nanocrystal size compared to the 
reference sample. As the broadening of size distribution can only occur through an 
Ostwald ripening process driven by depletion in reactant concentration, it can be inferred
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that the excimer laser irradiation is involved in changing the reaction rate. Among the 
species present in the reactant solution, Zn(N03)2.6H20 displays the highest absorption 
near 248 nm. Therefore, it is highly likely that the energy supplied by the excimer laser to 
the system is being absorbed by Zn(N03)2.6H20 which then dissipates this energy to the 
surrounding region resulting in an increased breakdown of HMTA according to reaction
(5.3). This in turn would drive equations (5.4) and (5.5) in the forward direction leading 
to the spontaneous nucléation of a large quantity of ZnO which is followed by their 
gro’wth. The considerable reduction in dimensions of samples prepared at this fluence 
compared to the reference samples can be attributed to the increased formation of ZnO 
nuclei. The depletion of the reactant concentration over time would lead to Ostwald 
ripening resulting in a broad size distribution end product.
Contrary to the growth at 170 mJ cm'^, the TEM images for the growth carried out at 330 
mJcm'^ revealed a narrow size distributed sample with very little change over time in the 
mean particle size [Fig. 5.1 c) & d)]. Although the increased fluence would lead to an 
increase in the reaction rate leading to the formation of rod-like structures, photothermal 
breakdown of the nanostructures becomes a possible mechanism for size control once the 
threshold fluence for the breakdown process is exceeded. The narrow size distribution 
with an extremely slow increase in the nanoparticle size over time can be thought of as 
being due to the rate of HMTA breakdown competing with the photothermal breakdo’wn 
process without a clear domination of either process on the growth rate over the times 
studied.
At the highest fluence studied, it is suggested that the re-emergence of nanorod-like 
structures is due to the reaction acceleration dominating over the rate of photothermal 
breakdown. The nanoparticles formed by the breakdown could act as the seed for ZnO 
bi/tri/tetra-pod structures observed. As the formation of hi, tri and tetra-pod like structures 
in ZnO [33] and CdS [34] have been reported to occur through a seed with zinc blende 
structure, it is plausible that some of the ZnO nanocrystals formed at such high fluences 
may also possess this structure.
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Fig. 5.12 Schematic of the effect of photothermal breakdown (green line) and OH' generation (red line) on 
the morphology of the nanocrystals formed at different fluences.
5.3 Field effect measurements on ZnO nanocrystal thin films
In the following section, the charge transport properties of spin coated thin films of ZnO 
nanocrystals prepared through hybrid laser/hydrothermal growth technique are discussed.
5.3.1 Experimental method
ZnO seed particles grown by laser irradiation for 10 minutes at 330 mJcm'^ were used for 
studying the charge transport properties of the nanocrystals. Device fabrication was 
carried out by drop casting ZnO nanocrystals in water or spin coating the nanocrystals 
upon dispersion in methanol onto photolithographically patterened Au/Ti electrodes with 
channel length (Z) of 2.5 and 10 pm and channel width (J¥) of 1000 pm on 230 nm SiOi/p 
type Si substrates. Device characterization was carried out inside an MBraun N2 glove 
box using an Agilent 4142B semiconductor device characterization kit using Si as the 
global back gate.
5.3.2 Performance of drop casted devices
Prior to carrying out the field effect measurements, all devices were annealed inside a N2 
glove box at 170 °C for 30 min. The representative transfer and the output characteristics 
measured for the 2.5 pm channel length are given in Fig. 5.13. As can be observed, the 
output characteristics under different gate voltages show a non-linear I-V  indicating the 
formation of a Schottky contact between the ZnO nanocrystal thin film and the Au 
contacts. Therefore effectively, the modulation of the charge conduction across the
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channel occurs through varying the barrier height for charge injection at the contacts. 
Observation of the transfer characteristics of these devices reveals no gate voltage 
modulation. Despite high temperature thermal treatments carried out at 350 °C inside a 
vacuum tube pumped to a base pressure of -10 pTorr, a significant improvement in the 
charge transport properties was not observed for these devices. These characteristics were 
not observed to improve upon exposure to a 100 W oxygen plasma for 1 min and 
subsequent thermal treatments at even higher temperatures of 400 °C (carried out again 
inside a vacuum tube pumped to a base pressure o f-10 pTorr).
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Fig. 5.13 Field effect measurements carried out in a N2 atmosphere for a channel length of 2.5 pm. a) 
Output characteristics upon annealing at 170 °C, b) transfer characteristics upon annealing at 170 °C, c) 
transfer characteristics upon annealing at 350 °C under a vacuum o f -10 pTorr, d) transfer characteristics 
upon exposure to a 100 W oxygen plasma for 1 min and e) transfer characteristics upon annealing at 400 °C 
under a vacuum o f -10 pTorr. No significant improvement in the field effect characteristics was observed 
at this short channel length.
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Despite the poor performance of the 2.5 pm channel length devices, significantly 
improved performances were observed for devices with 10pm channel length upon 
annealing at 400 °C (Fig. 5.14). At this channel length, a noticeable modulation of the 
device was observed. The devices show a predominantly n-type behaviour as is expected 
for ZnO [24] with no p type transport indicating that the Schottky barrier formed can be 
modulated to allow electron only transport in the device. Although no saturation is 
observed, on/off ratios > 10  ^ are inferred based on the linear regime of the transfer 
characteristics. Calculation of the field effect mobility based on the relationship for 
transconductance (gm) in the linear regime [35]:
where Cox is the gate capacitance per unit area (17 nFcm'^) of the gate dielectric, ju is the 
charge mobility and Vd is the drain voltage leads to values ~10‘^  cm^V'^s'^ which is 
significantly poorer than values reported in the literature [36-37]. One possible 
explanation for the observed poor mobility of the devices is the extremely high contact 
resistance in bottom source-drain architecture. As the gate field can effectively drop 
across the contact resistance, gate field modulation is noticeably weaker in short channel 
devices compared to the long channel devices [38]. The polycrystalline nature of the ZnO 
nanocrystals obtained in this work and the possible presence of an organic capping layer 
around the nanocrystals are considered as detrimental factors affecting the field affected 
transport behaviour of this material. The presence of grain boundaries not only leads to 
reduced mean free paths but can also act as trap sites for charges and reduce the 
effectiveness of the gate voltage in modulating the charge transportation in the channel. 
On the other hand, the presence of an organic capping layer which is indirectly observed 
through the observation of a yellow emission compared to the traditionally observed 
green emission can also act as a barrier for the intercluster charge hopping process.
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Fig. 5.14 Field effect measurements carried out in a N2 atmosphere for a channel length of 10 pm. a) Output 
characteristics upon annealing at 170 °C, b) transfer characteristics upon annealing at 170 °C, c) output 
characteristics upon annealing at 400 °C under a vacuum o f -10 pTorr and d) transfer characteristics upon 
annealing at 400 °C under a vacuum of -10 pTorr. Unlike the 2.5 pm channel length devices, significant 
improvement in the field effect characteristics are observed at the longer channel length.
5.3.3 Performance of spin casted devices
The output and transfer characteristics of ZnO nanocrystals obtained for a 5 and 20 pm 
channel lengths are displayed in Fig. 5.15. As was observed for the drop casted devices, 
the gate modulation is very weak at the shorter 5 pm channel length while noticeable gate 
modulation is observed upon a simple annealing process at 170 °C. The two-way forward 
and reverse sweeps display a significant hysteresis indicating a significant charge 
trapping process presumably due to incomplete removal of organic solvents as well as 
residual reactants coating the nanocrystals.
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Fig. 5.15 Field effect measurements carried out in a N2 atmosphere All measurements have been carried out 
upon annealing at 170 °C. a) Output characteristics and, b) transfer characteristics for 5 pm channel length 
devices, c) Output and b) transfer characteristics for 20 pm channel length devices.
The significant improvement in observing gate field modulation upon spin casting even 
when not thermally treated up to 400 °C is considered to be due to the formation of 
thinner ZnO nanocrystals films which leads to a more effective applied field across 
several nanocrystal layers in comparison to thicker films (as is obtained through the drop 
casting process). The electron mobility extracted from the above for a source drain 
voltage of 5 V leads to a value in the range or -10'^ cm^V^s’^  indicating a poor mobility 
as was observed for the drop casted sample.
Although the observed device characteristics for both drop casted and spin easted samples 
are significantly poor in terms of applying these nanoerystals for transparent thin film 
transistors, the calculated values are comparable to sol-gel prepared TiOx thin films which 
have electron mobilities of -lO'"  ^ cm^V'^s'^ [39] indicating the suitability of spin coated 
ZnO nanocrystal thin films as a hole blocking/electron transporting layer in organic 
photovoltaics.
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5.4 ZnO nanocrystal thin films for gas and humidity sensing
Gas and vapour sensors based on metal oxide semiconductors such as ZnO, Sn02, V2O5 
and WO3 [40] have attracted much attention over the past few decades due to their high 
sensitivity, rapid response as well as fast recovery. In studying the sensing behaviour of 
any given material, the response of that system is governed by the surface depletion layer 
formed on material during the physisorption or chemisorption of the analyte. As a result, 
the formation of nanostructured systems is expected to lead to enhanced sensitivity to the 
environment due to the formation of a larger surface area in comparison to the bulk.
Among the metal oxide semiconductor systems actively investigated, ZnO is deemed to 
be an attractive material for sensing applications due to several reasons:
(1) Unlike most other metal oxides, preparation of nanostructured ZnO films can be 
prepared at extremely low temperatures that are compatible with device 
fabrication techniques.
(2) ZnO possesses a range of morphologies that allows the tuning of its surface area 
and hence its sensing behaviour
In the following section, thin films prepared using size-controlled ZnO nanocrystals are 
explored for their humidity and NO2 sensing capability.
5.4.1 Experimental method
For studies on gas and humidity sensing, ZnO nanoerystals prepared using a laser fluence 
of 330 mJcm'^ for growth duration of 10 min at a repetition rate of 40 Hz and a bath 
temperature of 363 K were used. Preparation of devices was carried out by drop casting 
ZnO nanoerystals onto an interdigitated electrode structure (Cr electrodes) with a channel 
length of 10 pm and annealing in ambient at 523 K for 2 hours. The response of the thin 
film obtained for NO2 (500 ppm, flow rate of 50 seem in a chamber pumped down using a 
diaphragm pump) and humidity carried out using the same method employed for the Ni- 
alloyed cluster assembled carbon films as described in 4.3.2.1.
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5.4.2 Response to humidity and NO2
The response of the annealed nanostmctured ZnO thin films to humidity is given in Fig.
5.16. All the measurements for humidity discussed in this section were carried out in an 
environment where the measured humidity level was in the range of 33 -  40%.
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Fig. 5.16 The response of the nanostructured ZnO thin film under exposure to moisture in a background of 
air with a humidity level in the range of 33-40%. The green line indicates the introduction of moisture into 
the chamber while the blue indicates the introduction of air (only).
For the above measurements, it can be noticed that the response of the system decreases 
upon the introduction of excess moisture into the atmosphere. The response of 
nanostmctured systems to an analyte is mostly governed through the interactions between 
the surface of the nanostmcture and the analyte. One of the possible causes for an 
increase in the conduction properties is the introduction of charges to the nanostmcture 
upon its interaction with moisture in the atmosphere is through the dissociation of water 
molecules into and OH'. While the can lead to a depletion of electrons in the 
system, this is more than likely to be compensated by the OH' which interacts with the 
stmcture at oxygen vacancies leading to further electron doping of the already n type 
(ZnO) semiconductor. In the measurement carried out above, the moisture content was 
noted to increase starting from less than 40% up to as high as 88% upon its introduction. 
Therefore it is suspected that the observed response is governed by two different 
mechanisms:
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(1) At the lower levels of humidity (up to -70%) the response is determined by the 
charge transport in the nanostructure itself which is enhanced by the introduction 
of charges through its interaction with moisture.
(2) At humidity levels in excess of 70%, the charge transport is dominated by 
electrolytic effect which leads to surface conduction in addition to charge transfer 
between the nanoerystals.
The response of the nanostmctured ZnO thin films upon exposure to NO2 is given in Fig.
5.17. For analysis of the device response upon exposure to NO2, the definition based on 
the change in resistance has been used.
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Fig. 5.17 The change in response of the nanostmctured ZnO thin film under exposure to NO2 in a chamber 
pumped down using a diaphram pump. The green line indicates the introduction of 500ppm NO2  while the 
blue line indicates stopping of the supply.
From Fig. 5.17, an increase in the response or resistance can be observed upon the 
introduction of the analyte which is attributed to the increase in the resistance due to its 
reducing nature of the analyte which proceeds according to the according to the following 
reactions [41]:
NO2 (gas) + e 
N02'(gas) + e
N02'(ads)
NO(gas) + O' (ads)
(5.7)
(5.8)
In the above response curve, a delay is observed in the response of the nanostmctured thin 
film upon shutting down the analyte supply. This is most likely due to the time taken for
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desorption of adsorbed species which was carried purely using a diaphragm pump. 
Furthermore, a similar response was not observed upon subsequent introduction of the 
analyte which is attributed to the improper desorption of previously adsorbed NO2 which 
can lead to a weak response in the decreasing background. As for the decreasing 
background which indicates a decrease in the resistance of the nanostructure, it is highly 
likely that the observed trend is due to the removal of any oxygen adsorbed onto the 
surface leading to the formation of a surface depletion layer resulting in poor electrical 
conductivity in the material.
5.5 ZnO multipods: growth, vapour and UV sensing
ZnO multipods consists of several nanowires of ZnO whose growth proceeds upon 
nucléation from a central seed particle. Unlike the ID nano wire, the 3D nature of the 
multipods architecture increases the effective surface area of the structure making such a 
morphology suitable for a diverse range of applications sensing. In the work discussed 
here, the low temperature growth of ZnO multipods structures using the ZnO nanoerystals 
as seed particles and its potential applications in sensing are discussed.
5.5.1 Experimental method
ZnO seed particles grown by laser irradiation for 10 minutes at 330 mJcm'^ were used for 
the hydrothermal growth of multipods. In order to synthesis these multipod structures, 
1ml of the seed solution was added to 3 ml of DI water which was then mixed with 3 ml 
each of 25 mM Zn(N0 s)2 and HMTA The reactants were then sonicated for 1 minute 
using the low frequency ( 3 2 - 3 8  kHz) ultrasonic bath and then the growth carried out for 
12 hours in a vacuum oven at -90 °C. Upon the completion of the growth, samples were 
characterized for morphological and optical properties using SEM and 
photoluminescence spectroscopy. The multipods were also subjected to the ultrasonic 
probe for 3 minutes at 40% amplitude and the resultant product was again observed using 
the SEM.
For vapour and UV detection, multipod structures were drop casted onto a 
photolithographically patterned interdigitated electrode structure (Au electrodes) with 20 
pm finger spacing. The response of the device was tested for variations in the relative 
humidity (RH) ranging from 25 -  72% and under 20 s exposure to ethanol at a fixed RH 
of 41% using a Keithley 237 high voltage source measurement kit. All sensing
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measurements were carried out at room temperature. The photoconductance 
measurements were carried out under the exposure to 355 nm UV pulses from a Nd:YAG 
laser at a repetition rate of 20 Hz for 1000 shots.
5.5.2 Results and discussion
5.5.2.1 Morphology of ZnO multipods
The morphology of the ZnO multipods grown using the ZnO nanoerystals as seed 
particles assisting nucléation is observed from the scanning electron micrographs 
presented in Fig. 5.18. In addition to the observed multiple nucléation and nearly uni­
directional growth of each nanowire, closer observation at a higher magnification also 
indicates a hexagonal facet perpendicular to the nano wire axis (Fig. 5.18 a) (inset)) which 
suggests that the observed nanowires are highly crystalline in nature. The growth of such 
one dimensional nanostructures requires several conditions:
(1) The pH of the reactants must lie in the range of 5 < pH <12 for a temperature 
range of 50 -  200 °C. For growth of high aspect ratio wires (length/diameter 
>10), the pH value is especially required to be > 9 [42].
(2) The presence of a reactant that prevents the radial growth of the 
nanostructures.
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Fig. 5.18 ZnO multipods grown from 330 mJcm’ seeds a) 5min irradiation and b) 10 min irradiation. The 
inset in a) displays the hexagonal facet (outlined in red) of a ZnO nanorod.
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The observed nanowires have also shown a tendency to grow along the c axis as is 
evident from the visibility of the hexagonal face in Fig. 5.18 a) (inset). Traditionally, it is 
assumed that c axis aligned growth of ZnO is aided by the c axis orientation in the seed 
layer. However in this occasion the near isotropic growth has most likely occurred from 
isolated seed particles without any relevance to the c axis of the seeds. As hexagonally
faceted growth of ZnO is not only facilitated by the (0001) face but also by the (lOlo)and
(1020) planes [43], the multipod growth may proceed under interaction of the crystalline 
surfaces of the seed with reactants with the growth along each direction proceeding 
through the addition of layer -  by -  layer [44]. The layered nature of the nanorods 
observed in the SEM images lends credence to this theory.
m o reg i^h  many (0W1) o 1^01)
surfaces
Fig. 5.19 Growth of a ZnO nanostar through several facets [13].
As was discussed previously in the discussion on the growth of the ZnO nanoerystals, the 
growth of ZnO nanostructures proceeds according to the following reaction:
20H “ + Zn^ ZnO + H^O (5.9)
Therefore, an increase in the pH of the reactant solution is likely to lead to the formation 
of more ZnO units. As the growth of ZnO is more favoured along the c axis, the proper 
control of the pH level through the addition of HMTA is thought to lead to the formation 
of the nano wires.
The scanning electron micrograph in Fig. 5.20 displays the result of subjecting the 
multipod structures to the ultrasonic probe. It can be observed that the multipod structures 
have been broken down into individual nanowires where a large number of these 
nano wires are ~3 pm in length and -  50 nm in diameter indicating the potential use of the 
above route towards forming not only high surface area 3D structures, but also as a source 
for ZnO nano wires grown at a low temperature.
144
m :##
Ai** V-
. V ' •>’ ■■. v ^ -  '  -
Fig. 5.20 SEM image of (a) 330 mJcm’^  -  10 min seed particle grown multipods and (b) the resultant 
structure upon sonication of the the material in (a)
5.5.2.2 Vapour sensing and photoconductance
Exposure of ZnO to oxidizing gases such as NO2 and O2 is known to lead to a 
chemisorption processes such as those given in (5.7) and (5.8). The oxidation process that 
results leads to the extraction of electrons from the surface of the nanostructure leading to 
the formation of a surface depletion layer [45]. The formation of such a depletion layer on 
the surface leads to a barrier for charge transfer between nanoerystals increasing the 
insulating nature of the film. (Fig. 5.21).
145
q'o ' oo 'o  o~o~
■*—  Depletion Layer
Grain Boundary
I i ^^PctwTtial Barrier (Vg)
 --- i""——"—T 'Ec
Fig. 5.21 depletion layer formation along the surface and grain boundaries of ZnO due to chemisorption of 
oxygen [45].
A technique that can be used to enhance the electrical properties of metal oxides that 
easily forms such surface depletion layers is through the exposure to electron donating 
species. For example, in TiOi, H2O molecules adsorbed at oxygen vacancies of the 
material surface are dissociated into and OH'. The OH' remains at the oxygen vacancy 
while the proton may form a bond with an adjacent oxygen atom [46]. This would 
essentially mean that two electrons have been donated to the structure which can aid the 
conduction process through hopping transport between the nanostructures. As the 
humidity content is increased, condensation of liquid water allows the electrolytic 
conduction to occur along with the hopping transport mentioned above between the 
nanorods [47]. On the otherhand, exposure to an organic solvent such as ethanol leads to 
the donation of electrons back to the nanostructures [48] through the reaction (5.10) 
enhancing the conductivity and hence an increase in the electrical response.
CH3CH20Hads +  60'ads 2 C 0 2  +  3H 2O + 6e' (5 .10 )
The response of the ZnO multipod structures has shown that the variation in current vs. 
voltage under differing humidity levels follow a diode-like exponential curve [Fig. 5.22 
(a)]. The nonlinear I-V  characteristics for ZnO devices based on Au contacts are usually 
attributed to the formation of a Schottky barrier between ZnO and Au with a barrier 
height of -0.8 eV [49]. As expected, the electrical properties are enhanced with 
increasing humidity levels, presumably due to the electron doping of the multipods by 
moisture. A similar behaviour is observed for these multipods upon exposure to ethanol 
vapour. A rapid decrease in the response (or the resistance) is observed upon exposure to 
ethanol (Fig. 5.22 b). Although the multipods do require around 7 - 8  min in order to
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recover the original states, the observed response is considered to be significantly better 
than those in eluster-assembled carbon.
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Fig. 5.22 a) Response of ZnO multipods under exposure to different humidty levels and b) response of the 
multipods to ethanol vapour in the latter, points a, c, e, g refer to the points in time at which the multipods 
were exposed to ethanol and b, d, f, h, refer to the moments at which recovery was initiated.
The photo response of the multipod structures under UV irradiation (355 nm) is shown in 
Fig. 5.23. The conductivity of the sample is seen to increase upon exposure to UV and a 
persistent photo current is seen upon the recovery to the dark conductivity level. The 
recovery can be fitted with an exponential decay function with a decay constant of 10.4 
min. The persistant photocurrent observed upon switching off the UV source has been 
previously attributed by Nayak et. al. to to the trapping of photogenerated charges under 
UV irradiation at point defects such as oxygen vacancies [50]. However the role of such 
defects on persistence of photocurrent has not been clearly explained. Molecular 
desorption is usually ruled out as such processes are thought to lead to the reduction in 
conductivity and also since this mechanism is more prominent in a vacuum whereas the 
above measurements were carried out in ambient.
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Fig. 5.23 Photoresponse of ZnO multipods under exposure to 355 nm UV.
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5.6 Summary
The accelerated synthesis of ZnO nanoerystals through the laser irradiation of a 
hydrothermal system has been explored. Studies indicate a fluence window lying around 
330 mJcm'^ to give shape-controlled ZnO nanoerystals with a narrow size distribution. 
Lower fluences lead to a critical particle size in excess of the average particle size 
resulting in a broader size distribution. Higher fluences lead to the photothermal 
degradation as well as the formation of a large number of reactant units leading to 
bi/tri/tetra-pod nanostructures. Under a constant fluence of 330 mJcm'^, the nucléation 
and subsequent growth appear to be dependent upon the bath temperature as well as the 
repetition rate. Low bath temperatures and low repetition rates lead to very little ZnO 
nanocrystal nucléation and growth while at higher bath temperatures and repetition rates, 
the growth rate is observed to proceed at a rate greater than the laser-assisted breakdown 
rate of the nanoerystals. In addition to the above, the acceleration of the growth of ZnO 
nanoerystals has also been shown through size tuning of ZnO quantum dots using the 
laser heating of liquid phase reactants.
Field effect studies carried out on the size distribution controlled nanoerystals grown at 
330 mJcm'^ indicate a very poor mobility which is attributed to the poly crystalline nature 
of the crystals as well as the presence of an organic trapping layer surrounding the 
crystals. Sensors prepared using the size distribution controlled nanocrystal thin films 
indicate a satisfactory recoverable performance upon exposure to moisture. While a 
response was also observed upon exposure to NO2, repeatability was not achieved due to 
improper desorption of previously adsorbed analyte indicating the need for annealing in 
order to achieve full recovery.
In addition to the above, the ZnO nanoerystals have also been used as seed particles for 
the synthesis of ZnO multipods structures. The successful preparation of the multipods 
structure into individual nanowires has been shown through a simple tip sonication 
process. In addition to the above, the multipods structures have been also been tested for 
humidity and (ethanol) vapour sensors as well as for UV sensing and a satisfactory 
response has been observed.
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Ch a p t e r  6  
Co n c l u s i o n s  a n d  f u t u r e  w o r k
6.1 Summary of achievements
A 248 nm excimer laser has been used for the deposition of morphology-controlled pure 
and Ni-alloyed carbon films and the synthesis of size and shape controlled ZnO 
nanostructures through laser heating of liquid phase reactants.
For the nanostmctured carbon, Ni alloying has been found to yield satisfactory electrical 
properties which were then enhanced through thermal treatment. The observed physical 
properties have been explained based on spectroscopic and charge transport 
measurements. Finally, the use of smooth carbon films as electrodes for polycrystalline 
diamond-based radiation detectors and gas detection from Ni alloyed cluster assembled 
carbon was discussed.
For ZnO nanoerystals, the effect of processing parameters on the observed 
microstmctural and optical characteristics were discussed. A model is presented in order 
to explain the observed size control. These size-controlled ZnO nanoerystals have been 
tested as a channel material for thin film transistors. In addition thin films of these 
nanoerystals were also tested for humidity and NO2 sensing. Furthermore, they have been 
used as seed particles for the hydrothermal growth of ZnO nanowires which have been 
tested for UV and vapour sensing applications.
6.2 Conclusions
6.2.1 Conclusions on the Ni incorporation in nanostructured carbon
Nanostmctured (amorphous) carbon were prepared through laser ablation of a pyrolytic 
graphite target and a mixed carbon-nickel (C/Ni) target using a 248 nm KrF excimer laser 
in an Ar background. Irrespective of the target used, morphological studies reveal the 
formation of diamond-like thin films at low p (Ail) while cluster assembled nanostmctures 
are obtained at higher j?(Ar). Compositional analysis has revealed a non-congment 
material transfer with a significant increase in the Ni content through ablation of the 
composite target irrespective of p(Ar) used. This observation has been explained through
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back deposition of Ni which leads to a Ni enrichment of the target. Furthermore, p- 
Raman analysis has revealed that contrary to expectation, the high temperatures in the 
plasma plume and the presence of Ni does not lead to the formation of graphitic structures 
during the deposition process. The inclusion of Ni is observed to increase the electrical 
properties (only) for the diamond-like films while cluster-assembled films are relatively 
insulating. However, low temperature annealing of the cluster assembled material reveals 
an enhancement of electrical properties by 4-5 orders of magnitude. Under the as- 
deposited condition, the Ni incorporated diamond-like films display a metallic behaviour 
at room temperature and we propose a quantum tunnelling phenomena at temperatures 
less than 200 K. Furthermore, analysis of field emission studies has revealed a Coulomb 
blockade type charge transport for the as-deposited p(Ai) = 340 mTorr Ni incorporated 
cluster-assembled nanostructures. This has been attributed to the presence of metallic 
clusters surrounded by a dielectric carbon environment.
Finally the use of both the pure and Ni incorporated p{Ax) = 5 mTorr films as electrode 
for polycrystalline diamond based radiation detectors has been discussed. The 
incorporation of Ni is observed to lead to better device performance compared to pure 
carbon thin films as electrodes as has been observed through better signal-to-noise ratio 
and low dark currents. The performance of radiation detectors incorporating these 
electrodes are observed to be compatible to the detectors with metal electrodes. In 
addition to the above, the p(Ai) = 340 mTorr Ni incorporated cluster assembled films 
have been studied for both NH3 and NO2 detection. While an increase in the resistance is 
observed for the former gas, a decrease in resistance has been observed for the latter in 
accordance with the electron donating and electron withdrawing nature of NH3 and NO2 
respectively. However, the nanostructures do not display a permanent recovery indicating 
the need for the integration of a heater substrate for these devices in order to be applicable 
for repeatable sensing over several exposures.
152
6.2.2 Conclusions on the laser assisted synthesis of ZnO nanoerystals in 
solution phase
ZnO nanoerystals have been prepared through laser irradiation of a conventional solution 
phase system. The use of a laser is observed to lead to both photothermal breakdown as 
well as growth acceleration allowing the formation of nanoerystals that show both 
quantum or bulk optical properties. Considering the effect of the laser fluence, 
nanoerystals with a narrow size distribution are observed at a fluence of 330 mJcm'^ 
while lower and higher fluences lead to a broad size distribution. In addition to the above, 
the use of fluences higher than 330 mJcm'^ has also been observed to lead to a range of 
morphologies. Analysis of the effect of repetition rate and bath temperature used for the 
growth procedure has indicated the requirement of a repetition rate in excess of 10 Hz and 
a bath temperature in excess of 323 K. The increase of the repetition however to 100 Hz 
is observed to lead to larger nanoerystals as inferred from optical absorption and 
photoluminescence spectroscopy. In addition to the above, the laser heating of métallo 
organic precursors in a solvent is observed to lead to the formation of quantum dots 
whose size can be rapidly tuned through judicious selection of the annealing time which 
indicates the role of laser heating as a growth accelerant. Furthermore, the extremely 
short growth durations required for this process indicates the possibility of using excimer 
laser heating of such reactants for rapid synthesis of quantum dots. The size controlled 
ZnO nanoerystals showing bulk electronic properties have been tested for thin film 
transistor applications. The field effect mobility is observed to be very low, presumably 
due to the presence of an organic capping layer surrounding the nanoerystals as well as 
the polycrystalline nature of the nanoerystals.
Besides studying the field effect behaviour of thin films of size distribution controlled 
ZnO nanoerystals, the material was also tested for its response to humidity and NO2. 
While the material showed a highly satisfactory, recoverable response to humidity, the 
response to NO2 was observed to be unrepeatable which was attributed to the poor 
desorption of adsorbed analyte indicating the need for thermal treatments in order to 
achieve sufficient recovery for repeatable performance.
In addition to the above, the ZnO nanoerystals have also been tested for the synthesis of 
ZnO multipods which have been successfully broken down into individual nanowires 
through a simple tip sonication process. These multipods were successfully tested for
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vapour sensing and UV detection applications indicating a repeatable performance unlike 
the case of the nano crystal thin films.
6.3 Future work
The investigations carried out in the work discuss the formation of nanostmctured carbon 
films containing a significant Ni fraction. One possible application for these Ni 
incorporated films is as a catalytic support for the growth of carbon nanotubes. As 
thermal annealing is observed to increase the electrical properties of the cluster assembled 
nanostmctures, growth of nanotubes on the cluster assembled stmctures has the potential 
to be employed as highly porous, conducting electrodes for supercapacitors. In addition to 
the above, ablation of other composite targets such as C/Ag or C/Au should also be 
investigated as means towards fabricating high conducting electrodes that have the 
potential to be employed in plasmonic solar cells.
The investigations carried out on laser heating of reactants in liquid phase can be 
extended towards the synthesis of doped quantum dots, especially in view of the 
perceived importance of ferromagnetic element doped quantum dots for spintronic 
applications. Furthermore, transient optical spectroscopic studies are also required in 
order to obtain a better understanding of the mechanisms involved in the growth 
acceleration and size control process during the heating of precursors in the liquid phase.
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Appendix 1
Optical transitions during 248 nm laser ablation of graphite in vacuum [1].
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1. Claeyssens, F. et al. Plume emissions accompanying 248 nm laser ablation o f  graphite in vacuum: 
Effects o f pulse duration. Journal of Applied Physics, 91(9), 6162-6172, 2002.
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